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Abstract

This research study aimed at using renewable resources from biomass to generate
novel polymers and surfactants for applications in Home and Personal Care
products. Esterification, transesterification, epoxidation and ring opening reactions
were applied with the instrumentality of clean synthetic techniques to deliver over
sixty nonionic surfactants with main hydrophilic head containing 9-34 units of
ethylene oxide (EO) and hydrophobic tail containing C19-28 hydrocarbons from
oleate derivatives, epoxidised linseed oil and sophorolipid. The surfactants were
fully characterised with nuclear magnetic resonance spectroscopy, super-critical
fluid chromatography, differential scanning calorimetry, electrospray ionisation-
mass spectrometry and infrared spectroscopy. Surfactants properties were
assessed based on physicochemical measurements and hydrophilic-lipophilic
balance. The synthesised polymeric surfactants have great potential applications
ranging from oil-in water emulsification, wetting and spreading, detergency and to
solubilisation purposes, and can be incorporated into Home and Personal Care

products.

Alongside the above study, attempts were made to convert 2,5-furan dicarboxylic
acid to diethyl terephthalate as a step to making 100% bio-based poly(ethylene
terephthalate), and vital plastic packaging for Home and Personal Care
formulations. The bio-based aromatic monomer was synthesised via Diels-Alder
addition of diester of the furan to ethene under a solventless system catalysed by in-
expensive heterogeneous Lewis acid catalysts. DET yield up to 59% was obtained,
this being a substantial improvement compared to yields for the same or similar
reaction of FDCA and its esters reported elsewhere. The synthetic route herein
described was compared with other published biomass routes to bio-based PET
using green chemistry metric toolkits, and ours stands as the preferred biomass

route based on this comprehensive assessment.
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1.0 Introduction

1.1 Aim and objectives

There are increasing legislations worldwide imposed on the chemical industry to
minimize and if possible eliminate wastes as well as control chemical use in order
to protect human health and the environment. Many organisations and agencies
spread across the globe have been born out of this movement to champion, set the
curriculum and implement legislations to which the chemical industry must comply.
Some of these agencies at the forefront of implementing legislations include the US
Environmental Protection Agency (EPA) and European Chemicals Agency (ECHA).
One of the legislations implemented by ECHA in 2007 is the REACH (Registration,
Evaluation, Authorisation and restriction of Chemicals) legislation which mandates
industries to have their chemicals tested, use more benign alternatives where
applicable and provide detailed information about toxicology and environmental
impact of chemicals and products consumed.!-2 The aftermath of this is that both the
chemical industry and consumers have been affected greatly. Consumers are now
more informed of the need for their safety and the environment and mount pressure
on the chemical industry to gravitate towards “green production”. Coincidentally,
there are awoken interests in the industry to reduce waste, use renewable
resources, review production processes and invent new sustainable technologies
which consequently has spurred competitive and collaborative researches between
industries and academia, e.g. CHEM 21 project which is a collaboration between the
EU and leading pharmaceutical companies.3 This creates a ground for the green

chemistry philosophy to thrive and become implemented globally.

Every section of the chemical industry has particular challenges to address in order
to gain a sense of “green” acceptance in the environment. For surfactant and
polymer industries there are major needs to reduce CO2 emissions arising from the
production and use of surfactants and polymers, as well as to employ renewable and

more biodegradable chemicals. Currently surfactants are chiefly produced from
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petrochemical feedstock. A report has shown that about 75% of the organic carbons
found in common surfactants come from petrochemical feedstock.# With growing
concerns over depleting crude oil reserve and fluctuating cost,> the surfactant
industry is putting more effort on using oleochemical feedstock as alternative
resources.® 7 The use of renewable feedstock will not only replace petrochemical
derived surfactants but also reduce the release of CO2 (that could have resulted from

their production and use) into the environment.

Yet another challenge that the surfactant industry has been faced with, and will still
be a matter of consideration in any synthesis plan, is the biodegradability of
surfactants after use by the consumer. Alkyl benzene sulphonates (ABSs) produced
in the 1950s were not biodegradable because of their branched chemical structures,
and their replacement with linear alkyl benzene sulphonates (LABSs), which are
poorly biodegradable anaerobically,® ? gave only a form of relief, but did not resolve
the issue entirely. Ethylene oxide and propylene oxide are now being incorporated
between the head and the tail group of surfactants to make them highly
biodegradable in the environment.® Even with this, the fact that these have

petrochemical origins is still a major drawback in a sustainability sense.

The polymer industry is being faced with similar challenges although there are
known bio-based polymers such as polyhydroxybutyrate (PHB), soy based plastics,
cellulose esters, polylactic acid (PLA), starch based bioplastics, poly (trimethylene
terephthalate), polyethylene furanoate (PEF) and biopolyethylene already
developed. Nevertheless, they have gained limited applications because of inferior

properties when compared with those from petroleum feedstock.10

Some of the possible directions suggested to address the current challenges include:
the utility of degradable or renewable raw materials, such as vegetable oil that is
universal in the seeds, nuts, and fruits of the plants, for the synthesis;11-13 the

introduction of degradable functionality, for instance, amido or ester group, to the
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final products;13 14 and decrease of the dosage by using long-chain surfactants with

high surface activity and low critical micelle concentration (CMC).1>

This study seeks to develop novel bio-derived surfactants based on oils sourced
from different plant materials and seeds, and on naturally occurring biomolecules

to:

i.  deliver a range of biomass-derived surfactants that will replace those
produced from fossil fuel resources currently being used in the industry (e.g.

alkylbenzene sulphonates);

ii. develop new sustainable synthetic approaches to a range of target
compounds via the use of bio-platform molecules and green chemistry

techniques; and

ili. incorporate new bio-derived surfactants into Home and Personal Care

formulations.

Additionally, it is planned to develop a bio-based monomer (DET) from cellulose-
derived platform molecule towards the delivery of a 100% bio-based polyethylene

terephthalate (PET).
1.2  Clean synthesis

Clean synthesis is a term that has no rigid definition but its contents are described

within the United Nations Environmental Programme as:

The continuous application of an integrated preventative environmental strategy to
processes and products to reduce risks to humans and the environment. For production
processes, cleaner production includes conserving raw materials, and reducing the

quality and toxicity of all emissions and wastes before they leave a process.

Clean synthesis can be achieved through the use of alternative synthesis routes that

eliminates toxic solvents and feedstock; better and more effective catalyst; methods
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with reduced synthetic steps; energy efficient process and by avoiding waste
generation.1® These objectives are in line with the principles driving green

chemistry for nearly three decades now. The principles are summarised in Figure 1-

1.17,18

Use
renewable
feedstock

Design

degradable
products

minimisation
other than
treatment

Figure 1- 1 The wheel driving Green Chemistry through the years.

1.2.1 Heterogeneous catalysis

What makes the fine chemicals and pharmaceutical industries environmental-
pollution culprits is their use of stoichiometric inorganic reagents for synthesis
which generate significant quantities of inorganic wastes especially from oxidations
and reductions, sulfonations, nitrations, halogenations and diazotizations
processes. A viable solution is catalysis. A catalyst is a chemical species capable of
enhancing the rate at which a chemical reaction occurs. A catalyst participates in a

reaction but is unaltered after forming the product. A typical overall catalytic
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process can be seen as a cycle. For example, in Figure 1-2 reactants Ra and Rs come
together to form product Pc in the presence of a catalyst. Prior to forming Pc, Ra and
Rs first bonded to the catalyst to form Ra-Rs-catalyst complex, in which they reacted
to form Pc-catalyst complex. The product formed then detaches from the Pc-catalyst

complex as Pc leaving the catalyst available for another contact.

Reactants react on catalyst surface

Product is formed @n catalyst surface

Rt
-~ catalyst 3
S

Product separates from catalyst

Figure 1- 2 A typical catalytic reaction is a cycle starting from coming together of
reactants on the catalyst to product formation and desorption of the product to form a
free catalyst ready for another cycle.

From reaction kinetics, it is apparent that a catalyst actually offers a complex
alternative reaction route that is energetically favourable and requires a smaller
activation energy compared to an un-catalysed reaction. It does not however affect
the equilibrium constant of the overall reaction, which is instead determined by the

energy difference of the starting materials and the products.

Over the years heterogeneous catalysis, in which solids are typically used to catalyse
areaction in a gaseous or liquid medium, has witnessed tremendous interests with
respect to clean synthesis. Employing heterogeneous catalysis means that the
catalyst can easily be separated from reaction product mixtures, there is flexibility
in regenerating the catalyst and less expensive and environment-friendly reaction

processes are possible.19-21 Solid acid catalysts are ideal for flow processes as there
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is essentially an in situ separation of reagents and catalyst and also
mixing/diffusional issues that can arise when using heterogeneous catalysts are

often assisted by flow as the reaction media is pushed through the pores.

1.2.1.1  Catalyst supports

To make a heterogeneous catalyst from a homogeneous catalyst, a support is usually
required. Supports are capable of improving heat dissipation, increasing poison
resistance and stabilising metal catalysts which ordinarily are prone to sintering.22
Support materials can either be organic or inorganic in nature but must satisfy the
criteria of being thermally stable, chemically inert relative to the catalyst and,
normally have a high surface area greater than 100 m?/g.23 24 Alumina, silica and
carbon are the most commonly used support materials. Pores are important for
increasing surface area and therefore increasing the number of catalytic sites per
gram of catalyst, but pores also cause issues with diffusion. Smaller pores typically
give higher surface areas but if they are too small the diffusion limits can hinder
rates of reactions especially when large molecules are involved. Pores can also lead
to positive and negative effects with regards to selectivity, for example
oligomerisation can be reduced by using smaller pores as it is harder for larger
molecules to form. Based on pore sizes a heterogeneous catalyst could be
categorised into microporous (<2 nm), mesoporous (2-50 nm) and macroporous

(>50 nm).

Alumina exists in numerous structures but the most commonly used for support is
y-Al203 as it possesses high surface areas up to 300 m2/g, mesopore size between 5
nm to 15 nm, high thermal stability and can be transformed into mechanically stable
extrudates and pellets.23 a-Al203 is employed in reactions where high temperature
is required. Alumina generally has been widely applied as supports in many
reactions such as dehydrogenations,?5-29 epoxidations,30-34 steam reformings,35-38

transesterifications,39-44 and polymerisations.*> 46

38



Silica is a flexible inorganic support whose properties can be easily tuned and
tailored for a desired application. It is not as thermally stable as alumina and is
typically used in processes where temperature requirement is not more than 300 °C
due to the fact thatitis liable to form volatile hydroxides when in contact with steam
at elevated temperatures.23 Reactions in which silica is applied include hydrations,*’
and hydrogenations,*8->0 polymerisations,>!: 52 and oxidations®3->> among many

others.

Carbon is used as a catalyst support mainly for noble metal-catalysis and liquid
phase reactions. Carbon has micropores >1 nm and a high surface area of up to 1500
m?/g and it is easy to recover the expensive noble metal from a spent carbon. Itis

usually applied as a support in hydrogenation reactions.>6-59

Other supports used include titanium oxide, magnesium oxide, zirconia, zinc oxide,
and aluminosilicates (such as zeolites and clays). All these have their peculiar

properties for particular applications.

1.2.1.2 Preparation of supported catalyst

Homogeneous catalysts can be made heterogeneous by incorporation of supports.
For instance, the homogeneous boron trifluoride can be made heterogeneous on a
silica support.?® Any of the following methods could be used to make a
heterogeneous catalyst: impregnation, grafting, immobilization, ion-exchange or
equilibrium adsorption, deposition-precipitation, chemical vapour deposition
(CVD) and anchoring. Immobilization is the most preferred of all these methods
especially when it involves asymmetric catalysis because the properties of the
homogeneous catalyst are retained with additional benefits of ease of recovery and
reusability of the catalyst.6! The supported catalyst is expected to be more stable,
selective and of course recoverable than its homogeneous counterpart without loss
of activity. To reuse an immobilized catalyst, both the support and the catalytic sites
must be stable enough to maintain the catalytic activity during the recycling
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process.61 The properties of a catalyst support can be tailored to a specific
application. In silica, the available hydroxyl groups on the silica surface provide

reactive sites for functionalization and tunable surface properties (Figure1-3).23 62

67
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Figure 1- 3 Examples of forms of hydroxyl groups in silica

1.2.2 Green chemistry metrics

As the word “greenness” proliferates around the world pressured with the need for
environmental safety and sustainability, it became obvious to unify metrics by
which the greenness of a chemical process could be assessed and compared to
others. Traditionally, the efficiency of a chemical process is evaluated by yield,
conversion and selectivity. These tools, however, in today’s resource and waste-
conscious globe are not adequate and comprehensive enough to compare different
chemical routes with respect to waste generated.®8 6% From the view point of green
chemistry, more tools are required in addition to these to quantitatively evaluate
the greenness of a reaction. Some of the tools that are being used today include atom
economy (AE) and E-factor, reaction mass efficiency (RME), and process mass
intensity (PMI) among others.®® One of the most recent advancements on metrics
development was reported by McElroy et al.”? In this report, three additional tools:
optimum efficiency (OE), renewable percentage (RP) and waste percentage (WP)
were proposed to further expand quantitative and qualitative assessment of the
greenness of a reaction. The so-called metrics toolkit was developed in collaboration
with the pharmaceutical industry, a sector of the chemical industry known for

producing large quantities of waste per kg of product.
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AE also known as atom utilization (AU),71-73 estimates the amount of waste that a
process generates. Percentage AE is calculated as:20.72.74.75

Molecular mass of desired product

AE =
Sum of molecular masses of all reactants

X100

It is a useful quantitative tool in comparing efficiencies of different reaction routes
even right at the reaction planning stage. A well balanced equation is required in
order to arrive at an accurate AE. AE assumes a 100% yield and the higher the value
the less the amount of waste generated in a chemical reaction. A number of reactions
in chemistry such as additions (e.g. Diels-Alder) and rearrangement (such as
Beckmann) reactions are inherently atom-economic with a theoretical 100% AE
while some such as elimination, substitution, Grignard and Wittig reactions are
not.2% In planning and designing clean synthesis these atom-economic reactions
should be given priority before opting for alternatives. Notwithstanding, a number

of factors have to be considered when selecting a reaction pathway:68

i.  Hazardous nature of starting materials

ii.  Reaction yields

iii.  Ease of product isolation and purification

iv.  Solvent requirements

v.  Nature of waste materials

vi.  Equipment requirements, cost and availability
vii.  Reaction times
viii.  Energy requirements

ix.  Costand availability of raw materials

RME as a metric is expressed as:7°

mass of product isolated
RME = P X 100

total mass of reactants

It gives information on the actual practical efficiency of AE which is only theoretical.
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OE combines AE and RME and is expressed as:70

mass of product isolated _ Sum of molecular masses of all reactants
OE = X - X100
total mass of reactants Molecular mass of desired product

RME
OE=——"X100
AE

This new metric provides a ground to draw a-bit-fair comparison between reactions

routes whether or not they are inherently atom-economic.

The E-factor is another useful tool to evaluate the potential environmental impact

of a process, and is expressed as:76

mass of waste generated
mass of desired product

E-factor =

E-factor gives an idea of the actual amount of waste formed in the process and
usually includes everything except the desired product. It is a holistic tool in that it
encompasses the chemicals used from the start of a reaction to the end (including
work-up stage). Actually, it seeks to also include the fuel used in running equipment
although this is a tricky measurement in most cases to actually make. However, in
order to have a reasonable E-factor, water is not included in the calculation.”’” E-
factor is usually applicable to industrial processes where kilograms of chemicals are
used and assumes an ideal chemical process should have a E-factor of 0, thus the

lower the value the better.

PMI is another important mass-based metric and is expressed as:70

total mass in a process or process step
mass of product

PMI =

This means it takes into consideration all the chemicals used up to work-up stage.
However, it can be calculated in stages for reactants-reagents-catalysts, solvents,

and work-up chemicals.

42



In order to make the best of green metrics to evaluate chemical processes,
cumulative metrics (i.e. adding up the metric for each step) should be done for multi-

step processes to capture their overall greenness.

1.2.3 Critical elements

The availability and abundance of elements used in a chemical process will soon
contribute significantly to the evaluation of its greenness. In terms of availability,
some important chemical elements are largely concentrated in one region (country,
continent or geo-political zone) than the other. For instance, China controls about
95% of the world’s rare earth metals.”® There are possibilities that the supply of
these elements to other countries or regions may soon be affected by political
influences. Additionally, some elements are likely to become depleted from their
primary sources within a short time if current rate of consumption persists.
According to the EU, an element that is of high economic value and has a risk of
becoming depleted with continuous use or restricted in supply due to geo-political
reasons may be considered “critical”.”® As shown in Figure 1-4 most of periods 4, 5,
6 and rare earth elements which are largely applied in today’s catalysis fall within

this definition of “critical”.
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Green metrics have now also been extended to consider element criticality in its
evaluation of the greenness of a chemical process.”? It is therefore important to
design chemical reactions in such a way that less amount of critical elements are

used if at all there are no alternatives.

1.2.4 Clean technologies

A chemical process is a combination of various components which in addition to
reagents and catalysts include equipment operations and other ancillaries such as
energy. The use of renewable resources will not automatically label a process as
green unless accompanied with clean technologies. Using a non-clean technology
with renewable resources will likely deliver a partially green process (Figure 1-5).
These have to be taken into consideration alongside “greenness” consciousness.
Processes that use low-energy input yet with advantageous reaction efficiencies are
often termed clean technologies and include sonochemistry (ultrasound),
microwave, photochemistry, electrochemistry, supercritical fluid technique,
superheated water technique etc.2% 68 Many of these technologies are recent

advances while others have only found interest in the last decade.

y

Renewable |
Resources J

Green Chemical
Process

Technology

“Bio” does not always mean “Green”

Figure 1- 5 Relationship between renewable resources and clean technologies with
respect to clean synthesis.
Ultrasound is a benign technique for energising systems that has been known for

decades. It has been applied to enhance mechanical effects in heterogeneous
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catalysis and is strikingly known to effect other reactions through a still-debated
process called cavitation to yield new products not observed in conventional

processes.68 81,82

Microwave technology is considered environmentally friendly simply because it is
energy efficient and cost effective.83 The main driving force for this technique is the
fact that heat distribution in microwave is homogeneous or volumetric (that is, from
inside to outside) while conventional heat distribution is by external radiation (that
is, from outside to inside) as shown in Figure 1-6. Homogeneous heating means that
sample molecules have direct contact with microwave energy and does not allow
localised heating of reaction wall thus preventing side reaction. The consequences
are: high heating rates, less reaction time, improved yield and selectivity.1?
Microwave technology has been applied in many organic reactions, extractions and

pyrolysis.#6. 8485

. Hot region
. Cold region

Microwave heating Conventional heating

Figure 1- 6 Heat distribution in conventional and microwave systems.
Electrochemistry as a process is considered a green technology because it involves
mild chemical conditions and inexpensive electrons, is typically a water-based

process and energy efficient, offers high process selectivity, atom-economic and

capable of giving reaction products impossible in conventional processes.20 68
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1.3  Platform molecules

The word “platform” has been used differently by many authors to mean renewable
or green feedstock. A unified definition for platform molecules has been proposed

as:86

A bio-based (or bio-derived) platform molecule is a chemical compound whose
constituent elements originate wholly from biomass (material of biological origin,
excluding fossil carbon sources), and that can be utilised as a building block for the

production other chemicals.

As building blocks, platform molecules possess multiple functionalities through
which they can be transformed into other useful chemicals. Platform molecule
feedstocks can be sourced from carbohydrates (saccharides), lignins, proteins and
extractives (triglycerides, terpenes, waxes). A number of platform molecules that
have capacity to provide bio-derived chemicals for the chemical industry have been
identified and reported.8” A 2004 report from the US Department of Energy listed
the top twelve of these chemicals as:1,4-diacids (succinic, fumaric and malic), 2,5-
furandicarboxylic acid (FDCA), 3-hydroxy propionic acid, aspartic acid, glucaric acid,
glutamic acid, itaconic acid, levulinic acid, 3-hydroxybutyrolactone, glycerol,
sorbitol, and xylitol or arabinitol. Figure 1-7 shows various bio-based chemicals that
can be derived from these platform molecules via selective reduction, oxidation,
hydrogenation, condensation, dehydration, direct polymerisation etc. In fact, it is
possible that a platform molecule is capable of producing another platform
molecule, e.g. 5-hydroxymethylfurfural (HMF) can be catalytically oxidized to

succinic and fumaric acids alongside other acids.88

Some of these platform molecules are already engaged commercially to produce bio-
based chemicals. An Italian based company, Bio-on, is set to produce the world’s first
100% poly hydroxyalkanoates (PHAs) bio-plastic from glycerol at the rate of 5000

tons per year.8? Demand for glycerol in cosmetics, pharmaceuticals, food, polymer
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industries is still growing and estimation projected global production of crude

glycerol to reach around 4 billion gallons this year.?0
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Figure 1- 7 Platform molecules are processed to generate a number of bio-based
chemicals

Furfural from which other valuable platform molecules such as FDCA and levulinic

acid can be produced is currently standing at over 0.2 Mt. annual production.®* FDCA

as a platform molecule is seen to have capacity for increasing potentials in the
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chemical industry especially for bio-based polyesters.?2-¢ Presently it has been
developed to produce a 100% bio-based poly ethylenefuroate (PEF) that is claimed
to be a potential PET replacement.?” PEF bottles, according to a recent report by
Avantium, the inventing company, will be used to serve drinks at the 2020

Olympics.?8

Large contribution to bio-based chemical production could come from cellulose
because of its abundance.?® Unfortunately at the moment most of these chemicals
still come from starch and sugar because of the many challenges with utilizing
recalcitrant cellulosic biomass. In using cellulose there is need for harsh hydrolytic
conditions in order to release glucose from the matrix and this usually produces side
products such as fructose, HMF, levulinic acid and levoglucosan.190 Also, enzymatic
transformation of the biomass mainly produces oligomers though taking place
under mild conditions.11 Thermochemical treatment of cellulosic biomass is
capable of delivering some of these platform molecules though in low yields and

requires separation from complex mixtures.102-105

Inulin, chitin and fucoidan can serve as alternative non-food saccharide feedstocks
for platform molecules. These biomasses are processed via hydrolysis, pyrolysis or
other means to deliver bio-based chemicals rich in oxygen, nitrogen and sulphur
functionalities.106-109 Qther sources such as lignin and triglyceride are discussed

under different sections of this chapter.

As much as there are pressures to use renewable feedstocks for chemical
production, much care is being taken not to use materials that compete with food
production. As such wastes like agricultural and industrial wastes are being targeted
for this purpose. The functionalities possessed by these molecules mean that the
chemical industry could save a lot on oxidations and aminations processes etc.
Therefore reactions must be designed in such a way that functionalities are not first
removed then later re-introduced, a concept that we consider in greater depth in

chapter 6 of this thesis.
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1.4 Bio-derived monomers- specifically aromatic monomers

The majority of the world’s aromatic feedstocks come from petroleum sources; and
most of the easily transformable platform molecules like glucose, fructose do not
primarily yield aromatics without additional difficult modifications. Lignin remains
the largest potential source for bio-derived aromatics. The structure of lignin is
complex and very difficult to transform to other useful bio-based chemicals because
of resistance to biological and degradation treatments.11® However, pyrolysis and
depolymerisation of the complex molecule have proven to yield some encouraging
results.102,103,111-114 Figyre 1-8 shows some aromatics that can be obtained from the

pyrolysis, hydrolysis and hydrogenolysis of lignin.

R s

Guaiacol Catechol Syringol

Syringic acid

ﬁﬁﬁ@

Eugenol o-cresol

Vanillic acid Vanillin

Figure 1- 8 Examples of platform molecules derived from lignin

Despite the potentials of these processes, there remain the challenges of structural
complexity and variability in lignin, need for isolation and purification of processed
lignin, severe conditions for lignin degradation, complex mixture of products and
low yield among others.8¢ 112 These challenges make it non-economical when

compared to petrochemical alternatives.

One of the areas where bio-based aromatics are highly sought after is in the
production of 100% bio-based PET. Interestingly, ethylene glycol (EG), which
accounts for 30% PET composition, can now be obtained from bio-derived ethylene
and also from platform molecules such as sorbitol and xylitol via hydrogenolysis as

discussed in section 1.3.11587 In fact, there is an established route for biomass-
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derived EG from sugar-based feedstock which is presently commercialised in
products like the Coca Cola company plant bottle (30% bio-based).11¢ Para-Xylene
is a fossil-derived base chemical serving as the source of both the aromatic and 1,4-
substitution for TA which accounts for the remaining 70% PET composition to make
a 100% bio-based PET.117 Phthalic acid (PA) and isophthalic acid (IPA) obtained
from oxidation of ortho and meta-xylenes can also be used for this purpose. In fact,
it is actually much easier to obtain 1,2- and 1,3-substitution on aromatics from bio-
platform molecules and biomass. For example, meta-xylene is the favoured isomer
of xylene readily obtainable from lignin depolymerisation.118 The major issue with
poly (ethylene phthalate) and poly (ethylene isophthalate), however, is that the
crystalline regions are less well ordered, and the substitution of the aromatic
backbone must remain 1,4- (i.e. para).l1® Many researchers have subsequently

focussed efforts and reported on the production of bio-derived para-xylene.

2, 5-dimethyl furan (DMF) from HMF has been converted to para-xylene via Diels-
Alder addition to acrolein,!29 or ethene under different reaction conditions.121-124
Rather than DMF, oxidation derivatives of HMF have been added to ethene via Diels-
Alder reaction over a series of Lewis acid catalysts possessing weak Brgnsted
acids.125.126 Interestingly, synthesis of para-xylene from ethene as the sole starting
material has been demonstrated.12” The synthesis proceeded via trimerisation of
ethene to hexene, conversion of hexane to hexadienes over an iridium complex
catalyst, Diels-Alder addition of hexadiene to ethene and then -catalytic
dehydrogenation of the product 3, 6-dimethyl cyclohexene. Fermentation of sugar
to isobutanol followed by dehydration to isobutene, which upon dimerization,
dehydrocyclization and oxidation of product has also been reported to give a bio-
derived TA.128 Another route is the Virent process that converts sugar beets to a
mixture of intermediates which are further processed to give BioFormPX (para-
xylene) as one of the products.117.129-131 This route forms the basis for the Coca
Cola’s recent exhibition of the world’s first 100% bio-based PET.2% 2° A non-

cellulosic route to bio-derived TA via terpenes such as limonene which involved
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isomerisation to para-cymene with subsequent oxidation to TA was also
reported.132 Another route which uses furfural as the sole starting molecule has
been reported.133 This “absolute furfural” route proceeded via oxidation of furfural
to both fumaric acid and maleic acid which were subsequently dehydrated to maleic
anhydride. Diels-Alder addition of furan (obtainable from decarbonylation of
furfural)!3# to maleic anhydride gives an exo-Diels-Alder adduct which was
subsequently converted to anhydride and phthalate salt and finally to TA. Analysis
of the obtained TA with accelerator mass spectroscopy showed it had a 100% bio-

based carbon content.133 Figure 1-9 summarises some of the routes investigated.
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Figure 1- 9 Some investigated routes to bio-based TA from glucose and xylose.

While some of the routes look very promising, the issue with most of them is that
the starting biomass has to be reduced first with most of the oxygen molecules
partially or completely removed and thereafter reoxidised to form TA. This lowers
considerably the AE of the overall pathway. Also, they continue to require the harsh

oxidation steps previously employed in TA synthesis. For the limonene route, only
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around 70,000 tons limonene is annually produced globally,!3> which means it is
never going to meet up with the demand for TA required to produce PET. Therefore,

cellulose via HMF remains a most promising route to source bio-based TA.

1.5 Surfactants

1.5.1 Introduction to surfactants

Surface active agents (surfactants) are amphiphilic molecules that typically possess
both hydrophilic head(s) and hydrophobic tail(s) in the same molecule and with
opposing ends they modify the surface of an interface (Figure 1-10). They are one of
the most indispensable chemicals used in the chemical industry probably because
they provide the foundation for most of the chemical formulations we see today.136
Surfactants are widely used as catalysts in organic synthesis,’37 in drug delivery as
carrier vehicles,138 as templates in the synthesis of nanoparticles,13° as solubilizing,
wetting, emulsifying agents; in detergency, spreading, biocidal, anti-static and
corrosion inhibition, foaming, defoaming and lubricity among others in the

industries.

Head Tail
l || f

Figure 1- 10 Schematic illustration of a typical surfactant.

The production of surfactants has continued to grow over many decades and
detergency takes the largest share in surfactant applications. About half of the
surfactants produced around 2006 were applied in detergent formulations (Figure
1-11).140 The global surfactants market is projected to reach 22.8 Mt, by volume and

$40.3 billion net value by 2019.141
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Surfactant Applications Around 2006
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Softeners
5% Personal Care
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Figure 1- 11 Applications of surfactants around 2006.4°

1.5.2 Classification of surfactants

Surfactants are primarily classified into cationic, anionic, nonionic and zwitterionic
based on the charge of their polar head group. The discussions below are based on
arecent description on surface chemistry of surfactants and polymers,142 and other

sources.143

1.5.2.1 Anionic surfactants

Anionic surfactants are those containing polar head groups such as sulphates,
sulphonates, carbonates and phosphates. Various counterions including calcium,
potassium, sodium, ammonium, and alkyl amines are used in the synthesis of
anionic surfactants for different purposes. Amine salts are used to impart both oil
and water solubility while sodium and potassium give water solubility in the
product.142 Anionic surfactants are easy and in-expensive to manufacture and
remains the largest class (~70%) of surfactants. They are used mostly in detergent

formulations. These surfactants are however sensitive to hard water and have

53



limited compatibility with cationic surfactants.142 A few common examples are

shown in Figure 1-12.
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Figure 1- 12 Examples of anionic surfactants

1.5.2.2 Cationic surfactants

Cationic surfactants are largely based on nitrogen atom which carries a positive
charge. Common products are the amine and quaternary ammonium surfactants.
They are compatible with nonionic and zwitterionic surfactants but limited
compatibility with anionic surfactants. Cationic surfactants show poor detergency
and are more expensive than both anionics and nonionics.142 They are mainly used
for adsorption purposes because of their strong interaction with the interface but
also applied in anticorrosion, anticaking, antistatic, dispersing agents, conditioners

and as fabric softeners. Examples are shown in Figure 1-13.
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Figure 1- 13 Examples of cationic surfactants
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1.5.2.3 Nonionic surfactants

These surfactants carry no formal charge on them and are commonly synthesised
from the reaction of fatty alcohols, fatty acids, fatty amines and alkylphenols with
polyethers or polyhydroxyls via ethoxylation.142 Nonionic surfactants are the
second largest class of surfactants, compatible with all other types of surfactants and
their physicochemical properties are not significantly affected in the presence of

electrolytes. Figure 1-14 shows a few examples of this class of surfactants.
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Alkyl glycoside
Fatty amine ethoxylate

Figure 1- 14 Common examples of non-ionic surfactants

One uniqueness of nonionic surfactants is that they become more hydrophobic (less
soluble) as temperature increases. They are soluble in hard water and organic
solvents, including hydrocarbons and are used as antifoam agent, in dishwashing
detergents, and as emulsifying agents. Figure 1-14 shows a few examples of this

class of surfactants.

1.5.2.4 Zwitterionic surfactants

Zwitterionic surfactants are those in which the hydrophilic end carries two opposite
charges (positive and negative). The positive charge is usually ammonium but the
negative charge varies (commonly carboxylates). These surfactants are compatible
with all other types of surfactants and have proven to be dermatologically useful in
personal care products and shampoos as they exhibit less skin and eye irritations
than other types of surfactants.142 143 As they possess no net charge, zwitterionic
surfactants function well in formulations containing electrolytes.142 They possess
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high stability in acids and bases. A good example is the betaines that retain their
surface activity inspite of high pH. Examples of this class of surfactants are shown in

Figure 1-15.

ﬁ OH
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Figure 1- 15 Common examples of zwitterionic surfactants
1.5.3 Surfactant interaction

As discussed earlier, the presence of hydrophilic (polar) and hydrophobic (non-
polar) groups in surfactants is responsible for their interaction at an interface and
hence all the interesting properties exhibited by surfactants. Generally, there are
two forces: electrostatic force (hydrogen bonding, dipolar interaction, ionic
bonding) and hydrophobic interaction (van der Waal), responsible for surfactant
interaction with their surroundings.142 144 The polar head of the surfactant interacts
with the polar part of the system such as water or ions while the non-polar end of
the surfactant interacts with the non-polar part of the system. The interaction
actually depends on the type of interface present. Figure 1-16 (top) shows a
schematic depiction of five possible scenarios. In an air-water interface, the
surfactant head is buried in the solution while the tail is withdrawn (that is
associated in solution and adsorbed at interface) whereas in an oil-water interface
the head and the tail are directed to the polar and non-polar phases respectively
(associated at both ends). In a single non-polar phase, only the tail is adsorbed on
the solid while the head is directed away from it. For a soap film, which is air-water-

air interface, the surfactant heads are buried in the solution but repelled from each

56



Air

J >
R
4
| O

Water _

Water

Z
A
.2
g
e

—
—

Monomer

7\ o

m
it

1

\

I

T ﬂ X
&
%

Micelle

=
VA L
e

,I

z

5

a

air adsorption

13

interface

__=0

>

oil
Solution bulk

__’*
f =0
Difiiusion

Figure 1- 16 Schematic representation of (top) surface activity and micelle formation. (a)
air-water interface; (b) oil-water interface; (c) adsorption onto nonpolar solids; (d) soap
films; (e) bilayers; (f) micelles. Redrawn from literature source.'#, (Bottom) diffusion of
surfactant molecules from the bulk solution to the surface and their adsorption at the
surface.
other while the tails are withdrawn on both sides. In a water-oil-water system, the
tails are buried in the oil but repelled from each other while the heads are
withdrawn into the aqueous phases. The two main phenomena that occur in the
interaction of surfactants are diffusion and adsorption.142 A surfactant molecule
upon dissolution in a phase will diffuse through the bulk solution, and self-assemble
at the surface based on its structure and the system (Figure 1-16 bottom). This
interaction produces adsorption of surfactants at the surface and as their

concentration increases at the surface they aggregate to form a small closed

structure called a micelle (Figure 1-16 top). Micelles can be of various sizes and
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shapes depending on the concentration and structure of surfactant; pH, ionic

strength and temperature among other factors.

1.5.4 Renewable surfactants

There are renewed and growing interests in the synthesis of renewable (bio-based)
and importantly biodegradable surfactants owing to environmental pressures. In
making such surfactants, their two ends namely: hydrophilic ends (hydrophiles) and
hydrophobic ends (hydrophobes) have been reconstructed. The hydrophobes have
been selected from sources like vegetable oils and other natural hydrophobic
molecules like cardanol and, anacardic acid from cashew nuts shell liquid (CNSL)
while amino acids and polyols such as sugar, sorbitol, cellulose and other
carbohydrates have been sourced as hydrophiles (Figure 1-17). Recent
developments in the use of these renewable hydrophiles and hydrophobes in the

production of renewable surfactants are reviewed by Foley et al.

Sources Bio-based Surfactant Sources
Figure 1- 17 Bio-based surfactants are made from renewable hydrophilic end (head) e.g.

sucrose, citric acid, glycerol, glucose, and renewable hydrophobic end (tail) e.g. sterol,

triglycerides and cardanol.

1.54.1 Renewable hydrophobes

Vegetable oils have inherent properties as potential replacements for petroleum

feedstock for the manufacture bio-based surfactants, and indeed have been used
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extensively for the synthesis of common surfactants such as sodium lauryl sulfate.
They are readily available, biodegradable, possess variety of functionalities and
have low toxicity. Vegetable oils are composed of triglycerides which contain
different fatty chains in the same molecule. Triglycerides are sometimes referred to
as triglyceride platform while the individual fatty acids in them are called platform

molecules.145

Common vegetable oil sources include rapeseed, sunflower, linseed, soyabean and
palm. The type of fatty acid obtained in a particular vegetable depends on the
composition of the oil. World vegetable oil production from soyabean, rapeseed and
sunflower has increased drastically from around 73.3 Mt in 2001 to 143.8 Mt in
2014 (Figurel-18). The current global vegetable oil and fat production is around
187 Mt and global vegetable oil production is expected to increase by over 30% by
2020 though increasing interest in biodiesel production could be largely responsible

for this.146

World production of vegetable oils from 2001 to 2014 by oil
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Figure 1- 18 World production of soyabean, sunflower and canola/rapeseed oils from
2001 to 2014.147
As discussed earlier, triglycerides fatty acids possess diverse chain length of

interesting properties. Table 1-1 shows the distribution of the fatty acid in most
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known vegetable oil. Lauric acid, C12, is largely present in palm kernel and coconut
while palmitic acid, C16, is largely present in palm oil. Stearic acid, C18:0, is always
in low amount compared to the unsaturated acid C18:1 and C18:2 in most of the

vegetable oils.

Interesting functionalities in triglycerides are the double bonds and the carboxylic
acid group which can be transformed into different derivatives allowing for a
spectrum of possible bio-derived substrates. The use of triglycerides in chemical
development has traditionally involved reactions with the carboxylic acid group
with about 10% of the modification involving the alkyl chain or the double bond.148
Currently, interests are now in the exploitation of the alkyl group and the double

bond functionalities in developing highly branched and bulky hydrophobes from

oils.6. 12

Table 1- 1 Fatty acid distribution in selected vegetable oils and fats

Source Saturated acids Unsaturated acids
<12 12 14 16 18:0 181 182 183 >20

Palm149, 150 5 36 4 39 11 0-1
Palm kernel150 7 45 18 9 3 15 2
Coconut150 15 48 16 9 2 7 2
Low erucic rapeseed (Canola)150, 151 4 2 61 21 10 1
High erucic rapeseed159 3 1 16 14 10 56
Normal Linseed150 6 3 17 14 60
Conventional sunflower150. 152 6 5 19 60  0-1
Low linolenic linseed152 6 3 15 73 3
High oleic sunflower152 7 83 10
Conventional soyabean150 11 4 23 53 8
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Figure 1-19 shows some of the chemical transformations employed to produce
surfactants from vegetable oil. Hydrogenation of triglyceride using nickel catalyst at
temperature of 110-190 °C and under pressure removes the unsaturations.153
Transesterification of the saturated triglyceride with methanol yields fatty acid
methyl ester (FAME) which can subsequently be sulphonated or reduced to fatty
alcohols. The saturated triglyceride can also be hydrolysed to fatty acid and then
reduced to fatty alcohol but this method is not always preferred because the
reduction catalyst and glycerol are degraded and requires too high a temperature to
be energy effective.154 Direct epoxidation of the triglyceride for subsequent ring-

opening is another possible transformation.
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Figure 1- 19 Common transformations of triglycerides in the manufacture of surfactants

1.5.4.2 Renewable hydrophiles

Polyols are among the most suitable candidates for use as renewable hydrophiles
because they are easily biodegradable aerobically and anaerobically; possess low
toxicity and high solubility in water. Glycerol (from triglyceride hydrolysis), sucrose

(from sugar cane and sugar beets), glucose (starchy crops such as potato, maize) and
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sorbitan (from glucose via sorbitol) are examples of bio-derived polyols that have
all been used in surfactant synthesis. Alternatively organic acids such as lactic acid,
citric acid, gluconic acid, ascorbic acid can also be used as hydrophiles.6 These
molecules are available in large quantity up to 150 Mt/a for sucrose.>> With the
availability of bio-based ethylene glycol, poly (ethylene glycol) could be a ready
candidate for this purpose as well. Examples of surfactants based on some of the
hydrophiles are shown in Figure 1-20. Prominent among these examples are the
alkyl polyglucosides (APGs) which have been around for several decades. Current
worldwide production of APGs is approximately 85000 tonnes/ annum,>> and are
applied in personal care products, detergents, agrochemicals, hard surface cleaners
and industrial cleaners. Major global suppliers of APGs include Cognis, BASF,

SEPPIC, AkzoNobel and Dai-Ichi Kogyo Seiyaku.

L-malic and L-tartaric acids gelator prepared from ascorbic acid Alkyl polyglucoside
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Disodium citrate ester of fatty alcohol glucoside Surfactant based on glutamic acid monoamide

Figure 1- 20 Surfactants based on renewable hydrophiles.156-1%°

1.6 Conclusions

Increasing strict environmental legislations and fluctuating costs of crude oil are
major drivers for the use of renewable resources and production of biodegradable
products. The surfactant and polymer industries are probably more concerned than

other industries in making their ubiquitous products bio-based and biodegradable.
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Green chemistry is at the centre of this development and is giving direction to the
chemical industry by outlining 12 principles to follow. Clean synthetic technologies
and use of renewable resources will deliver a green chemical process which must be
evaluated with green metrics tools. Over the years polyols and amino acids are
major renewable hydrophilic heads while fatty acids from vegetable oil are the
major hydrophobic tails used in making bio-based surfactants. Surfactants are very
useful in our day-to-day activities and should therefore be safe and not bio-
accumulate in the environment. The goal of this project is to demonstrate that
renewable platform molecules can be converted to novel surfactants and polymers
via the application of clean synthesis, and that the chosen routes can be compared,

where possible, using metrics.
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Synthesis of Alkyl Oleates
via Transesterification
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2.0 Synthesis of alkyl oleates via transesterification

2.1 Introduction

Oleic acid (cis-9-octadecenoic acid) is possibly the most abundant monoene fatty
acid in vegetable o0ils.2>0 [t is highly abundant in olive oil, almond, low erucic
rapeseed (canola) and sunflower,150-152 and can be obtained from hydrolysis of the
triglyceride. Oleic acid and its ester derivatives have found much application in
home and personal care product industries as hydrophobic ends of surfactants.
They are said to be more biodegradable than conventional hydrophobes,160.161 thus
they are being used as replacements for petroleum-derived hydrophobes in
surfactants. They are also incorporated to make the hydrophobic end of surfactants
long and bulky enough to lower critical micelle concentration (CMC) and decrease
surfactant dosage used by consumers.1> 162 This study intended to use oleic acid-
derived alkyl esters as bio-derived hydrophobes for generation of series of non-ionic
surfactants. In the industry, the best route to obtain fatty acid alkyl esters is via
transesterification of triglycerides. Therefore, oleic acid was esterified to methyl
oleate which was subsequently transesterified into various oleate analogues. The
synthesis of the surfactants is a 4-step process involving esterification of oleic acid,
generation of alkyl oleates via transesterification of methyl oleate, epoxidation of
alkyl oleate and ring opening of the epoxide. The first two steps are covered in this

chapter as shown in Figure 2-1.

Chapter 2
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Figure 2- 1 Generation of bio-based non-ionic surfactant from oleic acid

67



2.2  Synthesis of methyl oleate

H
o © H d
.(\*H @ /H H e, | ® H AN @/..H @ 0
; <l HO OH HO {OH HO_)EJ}"' H TJ H JJ
) ) MeoRr= M Rr== N7 p=— I r¥ L __R
|Q""A“'“()| | R'/Q'}H R - \ﬁj/ R” \_O/ R” "O/ R" ‘O/ R .O/
H

HO—R
Figure 2- 2 Mechanism of acid-catalysed esterification of carboxylic acid with alcohol

Carboxylic groups can be made electrophilic by protonation of the carbonyl oxygen
by an acid. To activate a carbonyl group ready enough for esterification with any
nucleophilic alcohol, a strong acid, is needed to protonate the carbonyl oxygen
which consequently makes the carbonyl carbon more electrophilic to be attacked by
even a weak nucleophile as shown in Figure 2-2.163 Sulphuric acid-catalysed
esterification of oleic acid with methanol in molar ratio 1:10 afforded an amber
colour oil with oleic acid conversion of 99.7% and selectivity reaching to 100% in

18 hours of reaction.

The purity of oleic acid used for synthesis was 290%. Commercially available oleic
acid usually come with a purity as low as 60-90% because of various minor
impurities inherently present in the source 0il.1%* The presence of these impurities
reduce the qualities of the oil and are responsible for its colour, odour and
instability.165-167 Considering the end product of this research study, that is
surfactant, the area of its application, personal and home care and the number of
reaction steps involved in the synthesis, it is essential that the oleic acid used be free
of impurities to a large extent. The impurities can be removed by a number of

methods including a combination of adsorption and distillation techniques.164.168-170

A 290% purity oleic acid was purchased and used for this study. However, as is
typical of natural fats and oils, minor impurities in the 90% purity oleic acid as
analysed by GC-MS include stearic acid, hexadecanoic acid, heptadecanoic acid, 14-

methyl-hexadecanoic acid, 16-methyl-heptadecanoic acid and 17-methyl-
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octadecanoic acid in descending order of abundance. Their presence at such low
concentration, notwithstanding, does not present much concern as they do not
possess a reactive bond (C=C). Thus, they remain unaffected in the modification
steps involved in the generation of the proposed surfactant although they were
equally esterified and transesterified alongside the oleate. The synthetic procedure
employed was reproducible enough to obtain up to 900 g high purity (99.7%)

methyl oleate ready for transesterification into different alkyl oleates.

The synthesised methyl oleate was characterised by FT-IR spectroscopy, GC-MS,
ESI-MS and 1D and 2D NMR spectroscopy. IR spectrum showed the diagnostic bands
expected for methyl oleate and are in agreement with the literature:171 3004 cm-
for =C-H stretch, 2924 cm! for asymmetric CHz stretch, 2854 cm-1 for symmetric
CHz stretch, 1742 cm! for C=0 stretch, 1459 cm-! for asymmetric CHs bend, 1363
cm-! for symmetric CHs bend, and the three band 1244 cm1, 1196 cm-tand 1170 cm-

1 for C-O- stretch.

1H NMR spectrum showed seven signals (Figure 2-3) namely: the end chain methyl
proton (0.83 ppm, triplet), methylene protons (1.24 ppm, broad overlapping peaks),
methylene proton alpha to olefinic carbon (1.57 ppm, quartet), methylene proton
beta to the carbonyl carbon (1.95 ppm, quintet), methylene proton alpha to carbonyl
carbon (2.25 ppm, triplet), methyl proton on the ester group (3.61 ppm, single) and

olefinic proton (5.29 ppm, sextet).
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Figure 2- 3 Proton NMR spectrum of synthesised methyl oleate
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Figure 2- 4 Carbon 13 and DEPT NMR spectra of synthesised methyl oleate

From the 13C NMR spectrum four distinct spectra regions are obvious which are the
ester carbon (173.98 ppm), the olefinic carbon (129.73 and 129.97 ppm), the ester
acyl carbon (51.37 ppm) and the aliphatic carbons (14.12 -34.09 ppm) as shown in

the Figure 2-4. The assignment is in agreement with the literature.150.172,173
2.3  Synthesis of alkyl oleates

Transesterification mechanism is well known whether catalysed by an acid or a
base. A base-catalysed transesterification is usually preferred because it takes
fewer reaction steps and consequently time as mechanistically shown in Figure 2-5.
The need to use heterogeneous catalysts is well in line with green chemistry
principles as they are easy to separate from reaction product mixture, flexible to
regenerate, less expensive and environment-friendly.19-21 Oleate analogues were
synthesised from methyl oleate via transesterification with ethanol, 1-propanol, 2-
propanol, 1-butanol, 2-butanol, 1-octanol, 2-octanol and 1-decanol. Three different
catalysts: titanium tetra isopropoxide (Ti (O-i-Pr)4), potassium fluoride on alumina
support (KF/Al203) and magnesium oxide (MgO-T600), were used to affect

transesterification.
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Figure 2- 5 Mechanisms of transesterification reaction catalysed by (a) a base and (b) an
acid
Ti(0-i-Pr)s4 is known to effectively catalyse esterification and transesterification
reactions.174177 KF/Al203 and MgO are known to catalyse transesterification
reactions.39-41,178-181 The catalysts are inexpensive and are based on very abundant
metals. Alumina supported-potassium fluoride has been applied to affect many
organic reactions including Michael additions,%6: 182 183 epoxidations,184 185
Knoevenagel reactions,!86 N-alkylation of amides,187 and Suzuki couplings.188 The
versatility has been attributed to its high basicity which makes it a good replacement
for many heterogeneous base catalysts in organic syntheses.18% Alumina is used as a

support because it has a high surface area and readily available.190

A molar ratio of 1:6 (methyl oleate to alcohol) was used for the synthesis and
refluxing was done for typically 24 hours. All alcohols used were first dried in Celite®
before being applied for transesterification to avert possible hydrolysis of oleates
formed. Initial reflux set up for transesterification was fitted with a Liebig condenser
but there was no visible product formation after 48 hours (confirmed with GC-MS),
even with increasing temperature and catalyst concentration. A Dean-Stark trap
was, therefore, applied to remove methanol from the system, thereby shifting
equilibrium toward the product side, thus favouring formation of alkyl oleate
according to Le Chatelier’s principle of chemical equilibrium. Under reflux condition

there was a need to replenish the alcohol in the flask by addition of alcohol at 1 hour
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interval for at least the first 3 hours into the reaction which also supposedly forced

the reaction in favour of the product.

Alkyl oleates were recovered from reaction product mixture using different
methods depending on the transesterification catalyst used. With KF/Al203, the
resulting product was suction filtered to recover catalyst and a rotary evaporator
used to remove the solvent to yield an amber oil. Filtration using sintered funnel
(size 4 ) did not satisfactorily hold MgO-T600 catalyst and using a finer sintered
funnel resulted in the catalyst blocking the pores of the filter. Therefore, the
resulting product was allowed to cool down and centrifuged on a Thermo Scientific
Megafuge 40R centrifuge at 3500 rpm at 20 °C for 20 minutes. The supernatant
(oleate and solvent) was transferred into a round bottomed flask and a rotary
evaporator used to recover the product. For synthesis involving Ti (0-i-Pr)4 catalyst,
water was added to reaction product to break the catalyst into titanium (IV) oxide
and isopropanol, the mixture was thereafter transferred into a separating funnel
and shaken with dichloromethane (DCM). While it was preferred to avoid the use of
DCV, it was the most suitable among the solvents (ethyl acetate, diethyl ether, 2-
methyl tetra hydrofuran) to extract the organics from the mixture. The organic
phase was collected, dried over anhydrous magnesium sulphate, filtered and solvent

removed in vacuo to yield an amber oil.

Alkyl oleates were characterised with FT-IR spectroscopy, GC-MS, ESI-MS and 1D
and 2D NMR spectroscopy. Infra-red spectra of the oleates (Figure 2-6) showed
expected diagnostic bands. The three intense bands characteristic of esters due to
C=0, C-C=0 and C-C-0 stretching vibrations were observed at ~1700, ~1200 and
~1100 cm respectively.ll Some interesting changes in spectral bands and
intensity were noted in their spectra. The C-O stretch vibration was observed as a
three-peak band 1244, 1196 and 1170 cm-! in methyl oleate (Figure 2-6) according
to the literature.192 193 However, only two peaks (the first and the last) of this C-O

band were observed in the rest of the oleates. This could be due to increasing carbon
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atom attached to the ester carbon in the compounds which masked the missing

band.
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Figure 2- 6 FT-IR spectra of synthesised oleates showing contrast in band intensity and
pattern.
It may be of interest to confirm if the three-peak band only show in ester carbon
having a terminal methyl group. The bands 723 and 724 cm- in all the spectra are
due to methylene rocking. All aliphatics possessing more than four unbranched
carbon atoms show these bands at such distinct positions.193.194 Another difference
noticed across the spectra is that the band depicting C=C stretch was observed
between 1562 and 1588 cm-! in ethyl oleate, 1-propyl oleate, 2-octyl oleate and 1-
octyl oleate lower than values (1680-1600 cm-1) often quoted in the literature
though Sinclair et al. quoted a range of 1580-1650 cm-! for some unsaturated fatty
acids and esters.171, 194,195 However, it was observed between 1658 and 1678 cm-!
in methyl oleate and 2-propyl oleate. Some of these bands belonging to C=C stretch
are weak and are not visible in Figure 2-6 due to compression of the spectra.
Additionally, it was observed that the ester C-O stretch band intensity reduced as

carbon number increased in oleates.

73



MethylH
NONAMEO1

AcylH

o
OlefinicH H\/\/\/\/%\/\/\/\)L /@\
o {fn

o
o
PRI B

1-propyl oleate

“ , l-blutvl oleate

Normalized Intensity
1

ethyl oleate
1

o

| S— el

1-decyl oleate

1-octyl oleate

1 =
-

\l 2—bL{tyI oleate

-0.54
1 2-propyl oleate

dl L 2-octyl oleate

55 50 45 40 35 30 25 20 15 10 05
Chemical Shift (ppm)

Figure 2- 7 Proton NMR spectra of alkyl oleates showing variation between the branched
chain oleates (last three signals) and the straight chain oleates (first 5 signals).
Proton and carbon 13 NMR spectra of the oleates are similar in number of signals (7
or 8) and identical in chemical shifts to that of methyl oleate for proton NMR.
Variation was only observed, as expected, for the alkyl carbon proton connected to
the ester group. Nevertheless the variation, all the branched oleates have similar
proton NMR signals and same for the straight oleates as shown in Figure 2-7. Details

of NMR assignment and analytical data are included in the experimental section.
2.4  Effect of catalyst type on transesterification

Results showing how synthesised oleates compared between reaction catalysts are
shown in Table 2-1. Green metrics toolkit developed at the Green Chemistry Centre
of Excellence, York was used to evaluate the greenness of the reaction.”’? Conversion
of methyl oleate, yield and selectivity was generally very high each reaching 100%
in most of the reactions under different conditions (entries 1-10). In the syntheses
of 1-octyl oleate, 2-octyl oleate and 1-decyl oleate, however, selectivity reduced to
between 88% and 98% (entries 11-15) with 100% methyl oleate conversion as
there was formation of side products.
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Table 2- 1 Comparative effectiveness of Ti(O-i-Pr)s4, MgO-T600 and KF/Al2Os catalysts for
alkyl oleate synthesis.

Entry Oleate Catalyst Temp. Time  *Conversion/Yield  AE

(°C) (Hr)  /Selectivity. (%)

1 | Ethyl oleate KF/AlL203 80 30 99/99/100 91
2 | Ethyl oleate Ti (0-i-Pr)a 90 10 99/99/100 91
3 | 1-propyl oleate KF/Al203 102 30 99/99/100 91
4 | 1-propyl oleate Ti (0-i-Pr)4 110 10 99/99/100 91
5 | 2-propyl oleate KF/Al203 88 36 98/98/100 91
6 | 2-propyl oleate Ti (0-i-Pr)4 100 24 100/100/100 91
7 | 1-butyl oleate KF/Al203 122 24 100/100/100 91
8 | 1-butyl oleate Ti (O-i-Pr)a 120 10 96/96/100 91
9 | 2-butyl oleate KF/Alz03 105 30 100/100/100 91
10 | 2-butyl oleate Ti (0-i-Pr)a 110 10 98/98/100 91
11 | 1-octyl oleate MgO-T600 200 24 100/95/95 93
12 | 1-octyl oleate Ti (0-i-Pr)a 200 13 100/88/88 93
13 | 2-octyl oleate MgO-T600 190 39 100/98/98 93
14 | 2-octyl oleate Ti (0-i-Pr)a 180 17 100/97/97 93
15 | 1-decyl oleate MgO-T600 200 24 100/98/98 93

* Calculated by GC

GC-FID (Figure 2-8) and GC-MS data showed the presence of corresponding
epoxides and diols in the both crude and final product. In some cases, aldehydes and
keto esters were formed alongside the epoxides and diols (Figure 2-9). The
compounds, however, could not be detected by NMR spectroscopy and FT-IR

spectroscopy; possibly because of their low concentration.

75



FID1 A, (O_DATADEF_GC 201504-18 204544\0_00.0)

3
>
sa-xo0ovN
w=—0-a

25 L ~ ;3-;—
5 10 15 20 25 min
»
Time Area Height Width Area% Symmetry
26.516 326.6 172 0.0292 94.985 1.041

27.108 6.6 3.3 0.029% 1.912 1.012
27.732 S.1 2.3 0.0313 1.434 0.724
27.882 5.6 2.8 0.0301 1.620 0.774

alwln]e- e

Figure 2- 8 GC chromatogram of synthesised 1-octyl oleate showing epoxide and diols as
side products (Table 2-1 entry 11).
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Figure 2- 9 Formation of aldehydes, keto esters, epoxides and diols observed in higher
alkyl oleates during transesterification of methyl oleate leading to reduced selectivity.
It was noted that these side products were not observed in lower oleates but only in
the higher ones (1-octyl oleate, 2-octyl oleate and 1-decyl oleate) over the three
catalysts used for transesterification (Figure 2-9). The major difference in their
synthesis is the reflux temperature (180-200 °C) and subsequent removal of excess

alcohol from reaction product via a high vacuum distillation pump. In as much as
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these compounds were formed in the presence of the three catalysts, it can be
concluded that air oxidation of the oleate at elevated temperature was responsible
for the formation of the side products. Interestingly, there have been studies that
reported formation of these products amongst others from catalytic air oxidation of
unsaturated fatty esters.196-198 and detailed discussions are made on this in chapter

3.

Atom economy (AE) for each synthesis is generally very high- all above 90%,
indicating that transesterification of fatty acid methyl ester (FAME) utilises nearly
all the reactants. Thus this can be described as a green process that minimises waste

generation.

Transesterification was observed to progress faster in reactions involving Ti(O-i-
Pr)s4 catalyst possibly as the catalyst was in an homogeneous state with the
reactants. Methyl oleate conversion up to 100% was obtained in about 13 hours.
Most of the reactions were stopped after 10 hours and worked up. The effectiveness
of solid aluminium triisopropoxide (Al(0-i-Pr)3s) and Ti(O-i-Pr)s for
transesterification of oleates was investigated. GC-FID results showed that
conversion and yield was higher in Ti(0-i-Pr)s (99/99) when compared with Al(O-
i-Pr)3 (87/87) in 24 hours. The result is therefore in agreement with the literature
which placed Ti-alkoxyl catalyst above many other metal-alkoxyl catalysts including
Al-alkoxyl catalyst in activity.176: 199 Attempts were made to recover titanium (IV)
oxide from Ti(O-i-Pr)4 catalyst suspension but further purifications and tests were

not carried out.

The heterogeneous catalysts, KF/Al203 and MgO-T600, as expected took longer
reaction time (between 24 hours and 39 hours) to compare effectively as the
homogeneous catalyst (Table 2-1). Initial efforts showed that KF/Al203, being a
more hydrophilic catalyst, was more effective for transesterification with more
hydrophilic alcohols (ethanol, 1-propanol, 2-propanol, 1-butanol and 2-butanol)

than less hydrophilic alcohols (1-octanol and 2-octanol) as evidenced by longer

77



reaction time in the latter (Table 2-2: entries 1-2). However, subsequent attempts
negated the observation as the catalyst later demonstrated similar high activity
across the spectrum of oleates studied (Table 2-2 entries 3-4 compared against
Table 2-1). Use of different batches of KF/Al203 catalyst could be responsible for this
divergent observation. On the other hand, MgO-T600, a more hydrophobic catalyst,
was observed as being more effective for transesterification with longer chain
alcohols (1-octanol, 2-octanol and 1-decanol) considered in this work as its activity
demonstrated in Table 2-2 entries 5-6.

Table 2- 2 Effectiveness of MgO-T600 and KF/AI203 catalysts for transesterification
between different chain lengths of oleates.

Entry Oleate Catalyst Temp. Time  *Conversion/Yield  AE

(°C) (Hr)  /Selectivity. (%)

1 | 2-octyl oleate* KF/Alz03 120 46 0/0/0

2 | 2-octyl oleatet* KF/Al:03 175 93 60/59/98 93
3| 1-octyl oleate MgO-T600 200 24 100/95/95 93
4 | 1-octyl oleate KF/Al03 200 24 100/97/97 93
5 | Ethyl oleate KF/Al203 80 30 99/99/100 91
6 | Ethyl oleate MgO-T600 80 30 11/11/100 91

* Calculated by GC, iMethyl oleate from ~68% oleic acid was used for synthesis in this case, Reaction solution turned dark red

The synthesised oleates (structures shown in Figure 2-10) were of different shades
of amber colour depending on the type of catalyst and transesterification
temperature applied (Figures 2-11b and d). A wax crystal appearance was observed
in some oleates, specifically ethyl oleate, 1-propyl oleate and 1-butyl oleate (not as
significant as in the first two), which partly disappeared when heated and reformed
at room temperature as shown in Figure 2-11a. The resulting product was therefore
heated, re-filtered and the residue tested with GC-MS and NMR spectroscopy (Figure
2-11c).
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Figure 2- 10 Structures of alkyl oleates synthesised from methyl oleate via
transesterification with alcohol
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Figure 2- 11 Transesterification products showing (a) formation of waxy oleates (b)
different shades of amber coloured KF/Al.03 and MgO-T600 catalysed oleates (c)
residues from filtered waxy oleates (d) different shades of amber coloured Ti(O-i-Pr)4
catalysed oleates
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Interestingly, analysis of the residues by GC-MS and proton NMR spectroscopy
confirmed them to be oleates though efforts were not made to verify with other
analytical techniques if there were traces of oleate dimers (Figure 2-12) in the
residue. This observation indicates that such oleates have cloud points
(temperatures at which they begin to form wax or crystal upon cooling) around
room temperature. Crystal formation is common with FAAE and has been reported
to occur at lower temperatures as alcohol chain length increases in alkyl fatty
esters.200. 201 However, such waxy appearance was not observed or significant in
corresponding oleates from Ti(0-i-Pr)4 catalysis though they were a bit cloudy as

shown in Figure 2-11d.

Figure 2- 12 Methyl oleate dimer: an example of a dimer

2.5 Investigating KF and Alz03 as catalysts and concentration effect of

KF/AIz03 on transesterification

The catalytic effect of KF, the support and optimum concentration of KF/Al203 for
transesterification reaction was also investigated. KF when applied as a catalyst
without a support gave a methyl oleate conversion of 3% (Figure 2-13) while Al203
gave a conversion of 1%. A combination of these catalysts (KF/Al203), however,
proved very effective for transesterification with a methyl oleate conversion of 91%.
This corroborates reports which demonstrated that KF/Al203 is a more reactive
basic catalyst than non-supported KF.202203 [t has also been demonstrated that there
is a salt support interaction existing between alumina and potassium including the
formation of oxide sites at the surface of KF/Al203 during a transesterification
reaction which could account for the high activity and basicity.178 204 The alumina

used in this study is the neutral form.
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Effect of KF, Al,O; and KF/AI,O; on transesterification
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Figure 2- 13 Effectiveness of KF, Al20Os and KF/AI203 as catalysts for transesterification
reaction. Reaction conditions:- ethanol-methyl oleate molar ratio =10, 80 °C, 28 hrs, 10.0% w/w catalyst with respect
to methyl oleate
Effect of catalyst concentration on transesterification was investigated with 2.5, 5.0,
7.5 and 10.0% w/w catalyst with respect to methyl oleate for the synthesis of 1-
butyl oleate. Figure 2-14 shows a progressive activity with increasing KF/Al203
concentration from 24% to 73% conversion. It was noted that at a catalyst
concentration of 10%, conversion was only 73% when molar ratio of 1-butanol:
methyl oleate was 10 whereas conversion was 100% at molar ratio of 6 under
similar reaction conditions in Table 2-1 entry 7. This is probably because, although
excess alcohol is necessary for reaction, a little more excess alcohol in
transesterification releases more alkoxide ions into the system which might lead to
a reverse reaction, less contact with catalyst and consequently reduced methyl
oleate conversion. A reduction in conversion and yield after exceeding optimum
alcohol/oil molar ratio for transesterification has been reported.178 It must be stated
that catalyst concentration was not investigated beyond 10% w/w because of the

mindedness to minimise the amount of catalyst that goes into the system.
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Effect of KF/Al,O, concentration of transesterification
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Figure 2- 14 Effect of KF/Al203 concentration on transesterification of methyl oleate with
1-butanol. Reaction conditions:- 1-butanol:methyl oleate molar ratio =10, 122 °C, 24 hrs, 2.5, 5.0, 7.5 and 10.0% w/w
catalyst with respect to methyl oleate

2.6 Investigating optimum loading of KF on Al;0O3 support for

transesterification

It was of interest to investigate the KF loading on Al203 that would give the optimum
conversion for the synthesis of FAAEs being studied. Five different loadings of KF
per gramme of Al203 (1.0, 2.5, 5.0, 7.5 and 10.0 mmol) were prepared and tested
against methyl oleate and ethanol. Figure 2-15 showed how methyl oleate
conversion increased with increasing KF concentration on the catalyst surface.
There was a dramatic ten-fold conversion increase as KF concentration impregnated
on alumina support increased from 1 mmol to 2.5 mmol. At a 5.0 mmol KF
concentration, KF/Al203 was three times more active and another 2.5 mmol addition
on the support gave a peak conversion of 71% after which a further KF addition was
not so effective as conversion reduced to 56%. The last two steps of addition (7.5

mmol and 10.0 mmol) were repeated to confirm the observation.
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Figure 2- 15 Effect of KF loading on alumina support tested for transesterification
reaction. Reaction conditions:- ethanol-methyl oleate molar ratio =10, 80 °C, 28 hrs, 10.0% wi/w catalyst with respect
to methyl oleate
This trend observed and the decline in conversion could possibly mean that as KF
concentration increases with increasing activity, KF spreads on the support surface
to form a monolayer surface until a point is exceeded at which KF begins to form
another layer on top of each other giving rise to a multilayer surface. The implication
is that the first layer which, actually, is in contact with the support and is responsible
for catalytic activity is not directly available for interaction with alcohol for
transesterification reaction. Some authors have reported a reduction of activity

upon exceeding a certain level of KF concentration on the support.205-207
2.7  Effect of activation and treatment on MgO catalyst

Effect of activation and treatment of MgO was considered on transesterification.
Activated magnesium oxide (Mg0600) and treated magnesium oxide (MgOT600)
shown in Figure 2-16 were prepared (chapter 8 sections 8.3.2-8.3.3) and their
activity tested. Surface characterisation of the two catalysts was performed on a
Tristar porosimeter. MgO-T600 was significantly different from Mg0600 in surface
properties. The former was found to be mesoporous (average pore diameter of

33.66 nm) while the latter was macroporous (average pore diameter of 55.01 nm).
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Figure 2- 16 Preparation of hydroxylated MgO (MgOT600) and activated MgO (MgO600)
catalysts
The increased porosity observed in MgO-T600 could be attributed to the treatment
during its preparation. As expected, it should be more effective as a catalyst than
MgO-600 because of increased porosity. However, transesterification results
showed that there was not much difference in activity between the two catalysts.
While they both gave a conversion of 100%, the activated catalyst gave higher yield
(92%) than the treated catalyst (89%) for 1-octyl oleate synthesis in 23 hours. The
treated catalyst which was prepared by first converting MgO to its hydroxide and
then decomposed to MgO upon calcination at 600 °C was not better than Mg0600.
Whereas it was intended that the intercalated ions of MgO will improve its basicity,
hence increased activity,208 the calcination temperature applied was probably too
high to have driven off OH groups from it which impacted on the basic sites to give

same performance with the activated catalyst (Mg0600).

It has been shown that MgO catalyst alone is active enough for transesterification
reaction and addition of a support, say Al203 does not improve the catalytic
performances.2%° Therefore, efforts were not made to impregnate MgO on a support

for transesterification reaction.
2.8 Reuse of transesterification catalysts

Reuse of transesterification catalysts was investigated with the synthesis of ethyl
oleate (for KF/Al203) and 1-octyl oleate (for MgO-T600). Four KF/Al203 reuse cycles
was performed by thoroughly washing catalyst with acetone and without activation

recirculated for synthesis. Results in Figure 2-17 showed a conversion of 72% after
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24 hours in the first cycle which markedly reduced to 29% in the second cycle.

Conversion was 16% and 7% in the third and fourth cycles respectively.

Reuse of KF/Al,O; catalyst for transesterification

Conversion and yield (%)

CR1 CR2 CR3 CR4

Reuse cycle
W Acetone Conversion | Acetone Yield B Cyclohexane Conversion [ Cyclohexane Yield

Figure 2-17 Reuse of KF/AI203 catalyst in transesterification of methyl oleate with ethanol
using acetone and cyclohexane as wash solvents. Reaction conditions- ethanol: methyl oleate molar
ratio = 6, 80 °C, 24 hrs, 10% wiw catalyst with respect to methyl oleate.

The trend of reduction observed was such that conversion was halved in all the
cycles. The marked rapid reduction in catalytic activity especially in the second
reuse could be due to the fact that acetone is too polar a solvent to effectively wash
the catalyst free from the oil (ethyl oleate) thus leaving some still trapped within the
catalyst pore sites or surface. When using a combination of hydrocarbon solvent
(cyclohexane) and acetone, that is, cyclohexane wash followed by acetone, another
reduction trend in conversion was observed. Conversion was 71% in the second
cycle, after which it dropped markedly to 5% and 3% in the third and fourth cycles
respectively. Undoubtedly, the sharp reduction in conversion observed in the third
and fourth cycles signalled catalyst leaching into the solution. While there was some
leaching when washing only with acetone it was much pronounced when using
cyclohexane. It appeared that in the former, the oil trapped within the catalyst pore
sites slowed down the rate of catalyst leaching but in the latter the catalyst pore sites

are much more vulnerable to leach into solution. Leaching of KF/Al203 catalyst into
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solution during reuse for transesterification has been studied.4% 178 [n the study, EDS
and ICP-OES analyses of reused catalyst showed a depletion in K content of the
catalyst which consequently lowered its availability for interaction to form Al-O-K

that is purportedly responsible for the catalyst’s basicity.

Cyclohexane was used as a wash solvent followed by acetone when MgO-T600
catalyst was reused for transesterification. Surprisingly, it was observed that
catalytic activity was intact with the conversion and the yield almost unchanged
throughout the four recycles (Figure 2-18). This shows that the MgO-T600 is very
stable even upon continuous use at such high temperature and active without a
prior reactivation before recycling. This stability could be traced to the treatment
performed on the catalyst. In fact, the stability of treated MgO has been related to its

calcination temperature.208

Reuse of MgO-T600 for transesterification of 1-octyl oleate
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Figure 2-18 Reuse of MgO-T600 catalyst in transesterification of methyl oleate with 1-
octanol. Reaction conditions- 1-octanol: methyl oleate molar ratio = 10, 200 °C, 24 hrs, 10% wiw catalyst with respect

to methyl oleate.
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2.9 Conclusions

Starting from oleic acid, which is predominantly sourced from rapeseed oil
triglyceride hydrolysis, methyl oleate was synthesised to serve as a building block
for transesterification to eight other oleates analogues (ethyl-, 1-propyl-, 2-propyl-,
1-butyl-, 2-butyl-, 1-octyl-, 2-octyl- and 1-decyl-) in good yields. As expected,
transesterifications with secondary alcohols progressed much slower than with
primary alcohols. Higher reaction temperature, despite increasing alcohol chain
length, resulted in increased rates of reaction and consequently a shorter reaction
time. Ti(0-i-Pr)4, KF/Al203 and MgO-T600 were found to be very active catalyst for
transesterification reaction. KF/Al203 was effective for all the chain length of
alcohols considered whereas MgO was found to be more effective with higher
alcohols. Unlike KF that was not active without a support, MgO was found active
enough to catalyse a transesterification reaction. Optimum KF loading on Al203 for
transesterification reactions was found to be 7.5 mmol/g. While there was a leaching
suspected in the reuse of KF/Al203, MgO was very stable throughout recycle regime.
The choice of wash solvent has impact on the effectiveness of the catalyst in their

subsequent reuse.
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3.0 Synthesis of alkyl oleate epoxide

3.1 Introduction

Epoxides are versatile reactive organic compounds whose activity or stability is
controlled by their basicity and the strain in the oxirane ring.210-212 They are used as
intermediates to make various organic compounds and industrial chemicals.
Epoxidation is one of the means of valorising and functionalising unsaturated fatty
esters. Researchers have reported many processes on the epoxidation of
unsaturated fatty acids, which utilise many oxidants including chlorohydrin and
organic peroxides and peracids,213-217 but there has always been a need to curtail
side reaction products and use of toxic reagents and oxidants. The challenges
include hydrolysis of the ester group, low yield resulting from acid-catalysed ring
opening side reactions, separation of acidic by products and corrosion of reaction
vessels.218 Hydrogen peroxide is a relatively environmentally benign oxidant that
has a high content of active oxygen, decomposes to give water as the only by-product
and it is not expensive.216.219 This increased content of active oxygen means the use
of hydrogen peroxide makes an epoxidation process more atom economic than is

the case for other oxidants such as mCPBA.

In this chapter, the synthesised alkyl oleates in chapter 2 were modified via
oxidation with hydrogen peroxide in the presence of homogeneous and
heterogeneous catalysts (Figure 3-1). Apart from these oleates commercially
available bio-surfactant, lactonic sophorolipid, was also modified via epoxidation to
generate a novel epoxide. As lactonic sophorolipids demonstrate medicinal activity
in addition to their surfactancy,22% 221 we hope the modified derivative will possess

interestingly different properties from the parent sophorolipid.
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Figure 3- 1 Generation of bio-based non-ionic surfactant from oleic acid
3.2  Synthesis of alkyl oleate epoxides

Epoxidation is an example of a concerted reaction whereby all the changes occur in
one simultaneous step. The mechanism when using a peracid as shown in Figure 3-
2 involves nucleophilic attack from the double bond olefin on the electrophilic
oxygen on peracetic acid, followed by breaking of the 0-O bond and making a new
C=0 bond, breaking the original C=0 to make a new O-H bond and finally breaking
the original O-H bond to form a C-O bond to give an epoxide and acetic acid. The
mechanism as shown is believed to proceed via a transition state such as that shown
on Figure 3-2.222 ]t has been experimentally shown that epoxidation is a

stereospecific syn-addition reaction.223, 224

Peracetic acid

H3C
\
C=0
7
Q :
-
i o}
B Ho A\ _H N
R A
R R R R H3;C
Olefin Transition state Epoxide Acetic acid

Figure 3- 2 Mechanism of epoxidation reaction between an olefin and peracetic acid.

Epoxidation of the methyl oleate, ethyl oleate, 1-propyl oleate, 2-propyl oleate, 1-

butyl oleate, 2-butyl oleate, 1-octyl oleate, 2-octyl oleate and 1-decyl oleate was
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affected by oxidation with hydrogen peroxide via catalysis with phosphotungstic
acid (PTA) and supported PTA. Phosphotungstic acid is a crystalline
polyoxometalate (also called heteropolyacid) whose reactivity has been widely
reviewed and is available commercially.225-230 PTA has a formula H3PW12040 where
phosphorus (P) is the heteroatom and tungsten (W) is the addenda atom in its
highest oxidation state.23l 232 The soccer ball-shaped structure as described by
Keggin is shown in Figure 3-3.233 Polyoxometalates (POMs) are widely employed in
oxidation reactions because they are environmentally benign and are stable at high

temperature up to 450 °C in the presence of molecular oxygen.219 225,231,234

Figure 3- 3 Keggin structure of phosphotungstic acid, Hs3PW12040.2%°

The versatility of POMs, especially those containing tungsten (W) and molybdenum
(Mo) has led to the development of variants of Keggin structures.236 237 Acidity of
POMs has been reported to impart greatly upon their effectiveness for
epoxidation,?38 and PTA has been the most preferred. The acid strength of PTA has
been studied by calorimetry and reported.238-240 13C NMR spectroscopy studies
showed that the acid strength of protons of H3PW12040 in concentrated acetic acid

solution was higher than sulfuric acid and perchloric acid.24!

Typically, epoxidation reaction time was 3 hours and catalyst concentration of 6

wt% relative to alkyl oleate was applied in all reactions. As fatty acid esters are
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hydrophobic and PTA is hydrophilic, a biphasic system resulted. Transfer of
reactants to the active sites of catalyst was slow. As a result, a phase transfer co-
catalyst (PTC) was added to the solution to form an emulsion in order to aid the
transfer of the oil to the catalyst active sites. Quaternary ammonium salts (QNSs)
are typically used as PTCs for these reactions. The effectiveness of a quaternary
ammonium salt as a PTC depends on the size of its carbon number. It has been
shown that those possessing large carbon numbers demonstrate higher catalytic

reactivity than those with less carbon number.242

A mechanism for a PTC-aided epoxidation involving PTA and hydrogen peroxide has
been proposed as shown in Figure 3-4.242 The reaction between PTA, hydrogen
peroxide and PTC denoted as Q generates an active intermediate catalyst,
[Q3PW12(0)n040], which subsequently acts as the new catalyst. Effects of acetic acid,
solvent nature and the need for a phase transfer catalyst on epoxidation were
considered. It was also of interest to investigate the influence of PTA nature and

source on epoxidation.

nH;0; + H3PW1;,049 — H3PWy5(0),049 + nH,0 Agueous

| phase

'

Q3PW,15(0),049 + 3HCI — =<——— HaPW,5(0),04 + 3QCl

¢ Interface

Q3PW15(0);049 + Hy0  <«—— Q3PWy5(0).1049 + H,0;

0 Organic

Q3PW13(0)n049 + 3C=C<1 > Q3PW13(0)5.1040 + W phase

Figure 3- 4 Mechanism for a phase transfer co-catalyst aided epoxidation with PTA

Adogen 464 was chosen because it has a larger carbon number than other available
QNSs. Adogen 464 is methyl trialkyl (C8-C10) ammonium chloride shown in Figure
3-5. Typically 3 wt% Adogen 464 concentration relative to oleate was used for

epoxidation reaction.
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Figure 3- 5 Methyl trialkyl (C8-C10) ammonium chloride

Two methods were used to synthesise the epoxide as described in chapter 8 section
8.6. The first method involved the preparation of phosphotungstic acid in situ by
reacting tungsten powder, hydrogen peroxide and ortho phosphoric acid. The
second method involved the use of a preformed commercial phosphotungstic acid,
and both methods used Adogen 464 as the PTC. For both epoxidation methods, the
reaction mixture was vigorously agitated to create a vortex in the solution and as

such aided mass transfer of oleates to the catalyst active sites.
3.3 Epoxidation with preformed phosphotungstic acid (PTA) catalyst

Conversion, yield and selectivity were calculated using metrics toolkit developed by
McElroy et al.’? Table 3-1 shows alkyl oleate conversion up to 100%, yield up to 93%
and selectivity up to 95% for synthesis. Side reactions are commonly observed with
FAAE epoxidation.213, 214, 243 Ag such the following side products were detected
alongside the desired epoxides: nonanal, 9-oxo-alkyl ester nonanoic acid, cis-9,10-
epoxy octadecanoic acid, and diol shown in Figure 3-6. The concentration of the side
reaction products varied from one alkyl oleate epoxide to another. For example
entry 1 gave 6.5% nonanal and 6.7% 9-o0xo-methyl ester nonanoic acid, ~6% epoxy
acid and ~7% diols while entry 4 gave 0.4% nonanal and 0.4% 9-oxo-isopropyl ester
nonanoic acid, 0.7% epoxy acid and 3.8% diols. Details about their formation is
discussed in section 3.7. Reaction time was varied for some epoxides. It was noted
that those oleates in which crystals were formed (Table 3-1 entries 1, 2, 3, 5 and 8)
as mentioned in chapter 2 section 2.4 took longer reaction time to reach a
comparable level of conversion with those in which there were no crystals (entries
4, 6,7 and 9). This could be due to reduced molecular collision of reactants resulting

from increased viscosity and reduced mobility of the oleate molecules.
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Table 3- 1 Effectiveness of PTA for large scale synthesis of alkyl oleate epoxides

Entry  Oleate epoxide Time  *Conversion/Yield  AE
(Hr)  /Selectivity. (%)
1 | Epoxidised methyl oleate 3.5 99/73/73 95
2 | Epoxidised ethyl oleate 5.5 98/93/95 95
3 | Epoxidised 1-propyl oleate 5.5 95/88/92 95
4 | Epoxidised 2-propyl oleate 3.0 100/93/93 95
5 | Epoxidised 1-butyl oleate 6.0 95/79/83 95
6 | Epoxidised 2-butyl oleate 3.0 99/81/82 95
7 | Epoxidised 1-octyl oleate 3.0 99/83/84 96
8 | Epoxidised 2-octyl oleate 3.5 95/77/81 96
9 | Epoxidised 1-decyl oleate 3.0 99/90/90 96

* Calculated by GC. Reaction conditions: temp.= 50 °C, catalyst=6 wt% relative to oleate, Adogen 464 =3 wt% relative to oleate,

typically 100 mmol alkyl oleate reacted.

O O
I P R WO

o}
nonanal 9-oxo alkyl ester nonanoic acid
o) o R=alkyl group HO OH ©
R
/
WOH MO
epoxy acid diols

Figure 3- 6 Side reaction products from epoxidation of fatty acid alkyl esters, R = alkyl
group of varying length and functionality

Atom economy of the epoxidation process was very high (entries 1-9) and thus

demonstrated how atom efficient the process is when using hydrogen peroxide as

the oxidant. Between the two epoxidation methods, the one that used preformed

PTA catalyst was the preferred process as it gave the least side reaction products.
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3.4 Epoxidation with in situ generated phosphotungstic acid (PTA)

Phosphotungstic acid was generated in situ when using tungsten catalyst and ortho
phosphoric acid as described in chapter 8 section 8.6.1. Results obtained using this
method are shown in Table 3-2. The method closely compares with the first method
which uses a preformed PTA for epoxidation (Table 3-1). Reaction time was
typically 4 hours with about 61 mmol alkyl oleate reacted at 50 °C. Under a normal
condition, that is, with water added as a solvent, roughly 100% conversion and 70-
90% yield (entries 1-8) was obtained with some side reaction products as earlier
described (Figure 3-6). With a 5-hour reaction time epoxide yield was 90% though
at a much lower scale, 5.5 mmol, of methyl oleate (entry 9).

Table 3- 2 Effectiveness of PTA formed in situ for synthesis of alkyl oleate epoxides

Entry  Oleate epoxide Time  *Conversion/Yield
(Hr)  /Selectivity. (%)

1 | Epoxidised methyl oleate 4 100/71/71
2 | Epoxidised ethyl oleate 4 99/92/93
3 | Epoxidised 1-propyl oleate 4 99/93/94
4 | Epoxidised 2-propyl oleate 4 100/93/93
5 | Epoxidised 1-butyl oleate 4 95/79/83
6 | Epoxidised 2-butyl oleate 4 99/95/96
7 | Epoxidised 1-octyl oleate 4 97/86/89
8 | Epoxidised 2-octyl oleate 4 98/79/81
9 | Epoxidised methyl oleate 5 100/90/90

10 | Epoxidised methyl oleate 5 99/1.4/1.4

* Calculated by GC. Reaction conditions for entries 1-8: temp.= 50 °C, W catalyst=2.6 wt% relative to oleate, Adogen 464 =2.6 wt%

relative to oleate, H3PO4 =2.2 wt% relative to oleate, total H.0, =16 mL, total H.0=28 mL, typically 61 mmol alkyl oleate reacted.

Reaction conditions for entries 9-10: temp.= 50 °C, W catalyst=2.6 wt% relative to oleate, Adogen 464 =2.6 wt% relative to oleate,
H3PO4 =2.2 wt% relative to oleate, total H.0, =1.4 mL, typically 5.5 mmol alkyl oleate reacted, total H,0=3.8 mL (entry 9), total

CH3CN=3.8 mL (entry 10).
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When acetonitrile was used as a solvent, it was expected that its presence would
enhance the formation of epoxide by producing peroxycarboxyimidic acid with
hydrogen peroxide as mechanistically shown in Figure 3-7. However, it appeared
rather too oxidising to form a stable epoxide. Conversion was 99% with 1.4%
selectivity to epoxide (entry 10). There was rapid conversion to diols, 35%; nonanal,
15%; and the oxo-product, 15% alongside as major by products. Further details

about effect of solvents on epoxidation are discussed in section 3.6.2.

H—OH
a N
H Hic—c=N:  HC—C=N:
L TN i |
? . OH :0: O/O
0: L. N
H/" —_— H/O I H
Q 0

Figure 3- 7 Generation of peroxycarboxyimidic acid from the reaction of acetonitrile and
hydrogen peroxide to favour epoxide formation

3.5 Characterisation of synthesised surfactants

Synthesised epoxides were characterised with FT-IR spectroscopy, GC-FID, GC-MS,
ESI-MS, CHN analyser and NMR spectroscopy. Reactions were monitored with 1H
NMR spectroscopy as it showed the disappearance of the olefinic protons fat ~5.29
ppm and the appearance of epoxide protons g between 2.7-2.8 ppm (Figure 3-8).
Incorporation of oxygen heteroatom in between the olefinic carbons caused their
protons to resonate upfield (2.7-2.8 ppm) and the alpha carbon protons e to now
appear more upfield at ~1.34 ppm unlike in the unsaturated oil where it resonated
at ~1.95 ppm (Figure 3-8). This is because oxygen is a less electron withdrawing

group than double bond being replaced thus leaving the protons to resonate at a
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much lesser frequency. It was noted that the epoxide peak g is broad and has a lower

integral compared to other signal with the same proton number, for example d.

Three possibilities exist for this observation.244 This could be as a result of extended

relaxation (time delay) between pulse reading and start of digitization of free

induction decay (FID) which generates a broad signal. In the frequency domain a

broad signal corresponds to a rapidly decaying signal amplitude in the time domain.

Therefore, such a broad signal will have a lower integral value than expected.

Another reason could be due to partial exchange of the heteroatom proton with

deuterons 2Hs in the solvent. Third, baseline corrections of the spectrum may wipe

out the edge of broad resonances thus subtracting intensity from the peak.
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Figure 3- 8 Proton NMR spectra of methyl oleate and epoxidised methyl oleate showing

(i) signal shifts and reduced integral value as a result of addition of oxygen heteroatom

into the chain; (ii) disappearance of C=C protons and appearance of epoxy protons

13Cand DEPT NMR spectra of synthesised epoxides showed the appearance of epoxy

carbons around 57 ppm and disappearance of the olefinic carbon peak at ~130 ppm

(Figure 3-9). Precise carbon and proton NMR spectra assignment was achieved by

combination of COSY, HSQC and DEPT carbon.
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Figure 3- 9 Carbon DEPT NMR spectra of methyl oleate and epoxidised methyl oleate
showing disappearance of olefinic carbons and appearance of epoxy carbons
A trend was observed in the epoxide chemical shift as we moved from primary chain
to secondary chain and as the chain length of the alkyl oleate increased. Table 3-3
showed chemical shifts of both epoxy protons and carbons resonating increasingly
downfield (higher frequency) as we moved from C19-C21 (entries 1, 2 and 3) but
resonated increasingly upfield (lower frequency) as we moved from C22-C26
(entries 5, 7). However, the C28 chain was observed to resonate at a much higher
frequency, 2.82 ppm; 57.16-57.20 ppm (entry 9). Across epoxides with the same
chain length, that is isomers, all epoxy protons and carbons of the primary isomers
resonated at higher frequencies compared to their corresponding secondary
epoxides (entries 3 and 4; 5 and 6) except in the C26 epoxides where the primary
isomer epoxy protons and carbons resonated at a lower frequency relative to the
secondary epoxide (entries 7 and 8). While it is clear how the alkyl group attached
to the ester of the oleate contributes to chemical shifts among the attached chain but

is not clear how it affect the chemical shifts of the epoxy proton and carbon.
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Table 3- 3 Epoxide proton and carbon NMR chemical shifts variation within various chain

lengths of alkyl oleate epoxides

Entry Oleate Epoxide Proton Carbon
Chemical Shift Chemical Shift

(ppm) (ppm)

1 WM 2.74 57.02-57.06
O/

2 WM 2.82 57.16-57.21
o

3 WM 2.85 57.24-57.29
o

4 WM )\ 2.80 57.13-57.16
O

5 Wz\w 2.84 57.22-57.27
S N

6 \/\/\/\AWJL J\/ 2.70 56.90-56.94
(¢}

7 WA/\/\/\)‘L 2.63 56.72-56.78
i S SN

8 \/\/\/\/ﬁ\/\/\/\i )\/\/\/ 284 57.20-57.24
O

9 \/\/\/\A/\/\/\)‘L 2.82 57.16-57.20
R N N N

IR spectra (Figure 3-10) equally showed the disappearance of the 3004 cm-! band
belonging to the olefinic C-H stretch and appearance of vibrations belonging to
epoxy band between 953 and 979 cm-! (asymmetric deformation) and between 822
and 837 cm-! (symmetric ring deformation). The epoxy bands are in line with values
reported in the literature.212 245 However, the epoxy ring stretch “breathing”
expected around 1280-1230 cm! did not show in the spectra.1> Additionally, IR
spectra did not show any band belonging to OH group (3425 cm-1) which indicated
that the level of ring opening to form diol was not significant. There was no

absorption peak at ~1600 cm-! representative of quartenary ionic nitrogen centre
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which confirms there is no Adogen 464 left over in the product or may be in very
low concentration,?46-248 glthough CHN elemental analysis detected trace nitrogen

in the sample (chapter 8 section 8.6.2). Further details are discussed in chapter 4.
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Figure 3- 10 FT-IR spectra of methyl oleate (bottom) and epoxidised methyl oleate (top)
showing disappearance of =C-H vibration and appearance of epoxy bands
ESI-mass spectrometry was employed to determine accurate masses for all the

epoxides synthesised as recorded in chapter 8.

Figure 3-11 shows the appearance of a range of alkyl oleate epoxides and their
corresponding oleates. As the FAAEs were transformed to corresponding epoxides,
there was a change in colour from deep to light amber noticed in the compounds
formed (Figure 3-11c and d). This was probably due to bleaching of the oleates by
hydrogen peroxide. It was also noted that some epoxides turned dark in colour a few
days after being synthesised. Figure 3-11 a shows epoxides on the day of production
while Figure 3-11 b shows methyl oleate epoxide, 2-propyl oleate epoxide and 2-

butyl oleate epoxide turning darker in colour after synthesis.
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Figure 3- 11 Variation of colour shades with (a) alkyl oleate epoxides at production, (b)
frozen alkyl oleate epoxides days after production, (c) alkyl oleate juxtaposed with
corresponding epoxides at production, (d) alkyl oleates juxtaposed with corresponding
epoxides days after production
It was observed that when the epoxides were stored in a freezer to ameliorate their
discoloration, some epoxides, specifically, ethyl oleate epoxide, 1-octyl oleate
epoxide and 1-decyl oleate epoxide crystallized as shown in Figure 3-11 b. The
reason for this discoloration was not so obvious and was never previously
mentioned for unsaturated fatty ester epoxides in any literature. However, it could
possibly be as a result of residual acidity from the PTA catalyst employed in the
epoxidation process. Inductively coupled plasma mass spectrometry (ICP-MS)
analysis of methyl oleate epoxide showed it contained trace amount of W (0.6 wt%).
Residual PTA could initiate or promote oxidation of side reaction products,
especially the ketone and aldehyde, in the epoxide. Ketones and aldehydes are
known to impart colour while undergoing oxidation.150. 249-251 However, while this
assertion could be true for methyl oleate epoxide and 2-butyl oleate epoxide with

significant amount of these products (Table 3-4 entries 1 and 4), it might not be
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substansive enough a reason to justify the case in 2-propyl oleate epoxide which also
showed discoloration even with much less side products (entry 2; Figure 3-11a, b
and d) whereas 2-octyl oleate epoxide with roughly same amount of ketone and
aldehyde did not exhibit discoloration (entry 5; Figure 3-11a and b). More so, 1-
butyl oleate epoxide did not exhibit discoloration with significant presence of
ketone and aldehyde on storage (entry 3; Figure 3-11a and b). Unfortunately, a
check on methyl oleate epoxide with proton NMR spectroscopy did not reveal any

ongoing oxidation or the presence of these side products upon storage.

Table 3- 4 Composition of side reaction products from some fatty acid ester epoxides

Entry  Oleate Epoxide Total side Aldehyde Ketone Epoxy Diols Others*

product acid
(%) (%) (%) (%) (%) (%)

1 | Methyl oleate epoxide 26 6.5 6.7 6 7 -

2 | 2-propyl oleate epoxide 7 0.4 0.4 0.7 3.8 1.7

3 | 1-butyl oleate epoxide 16 3.9 5.9 4.3 1.9 -

4 | 2-butyl oleate epoxide 18 3.2 3.6 7.2 2.2 2

5 | 2-octyl oleate epoxide 22 0.5 0.6 35 9 4

*Some of these compounds could not be identified with GC-MS.

3.6 Studies on factors affecting epoxidation

3.6.1 Effect of acetic acid on epoxidation with PTA

Acetic acid upon reaction with hydrogen peroxide will generate a peracid which
could promote an epoxidation reaction. To investigate the effect of acetic acid, two
experiments were set up in which one was doped with acetic acid and the other as a
control. Results monitored by GC-FID (Figure 3-12) showed that conversion rate
was faster in the acetic acid-doped system reaching 88% in 1 hour and 99% in 2

hours while the undoped system reached 74% and 90% in 1 hour and 2 hours
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respectively. However, while epoxide yield increased rapidly with increasing
conversion in the undoped system, the epoxide being formed in the doped system
was gradually converted to side products, thus the yield decreased with increasing
methyl oleate conversion. It was observed that epoxide yield decrease from 73% to
8% after 6 hours of reaction. As observed in earlier reactions, both systems
generated side reaction products of epoxy acid, diols, ketones and aldehydes. The
presence of both acetic acid and acetonitrile will concomitantly lead to the formation
of peracids which probably made the system too oxidising for a stable epoxide
formation, hence the declining epoxide yield rate in the doped system. There have
been studies that reported favourable conversion of FAAEs with acetic acid under
different reaction conditions but also with attendant low selectivity due to side

products formation.212 214, 252
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Figure 3- 12 Effect of acetic acid-doped epoxidation reaction on conversion and yield in
the presence of PTA. In the acetic acid-doped system, epoxide yield decreased with
increasing methyl oleate conversion as the epoxide so formed is gradually converted to
side products while the epoxide yield in the undoped system increased with increasing
conversion. Reaction conditions: temp.= 50 °C, catalyst=10 wt% relative to oleate, Adogen 464 =6 wt% relative to oleate, 6

mmol alkyl oleate reacted, 1 mL H202, 1 mL CHsCN, 2 drops of CH3COOH.

3.6.2 Effect of solvent nature on epoxidation with PTA

Five systems were considered for this investigation; three contained
dichloromethane, acetonitrile and tert-butanol each as solvent, another contained

“as-is hydrogen peroxide” with additional water and the last system contained “as-
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is hydrogen peroxide” only i.e.- “solventless”. Halogenated solvents are very toxic
and undesirable for handling and in the environment but are effective solvents with
hydrogen peroxide for minimizing side reactions in epoxidation reactions.236 253
Their immiscibility with water may make them hinder hydrolysis of epoxides in

solution.

Results in Figure 3-13 showed that dichloromethane and acetonitrile solvents
competed to both give roughly 80% epoxide yield. Contrary to expectation the
magnitude of side reaction products formation in the DCM system was not
significantly different from the acetonitrile system. Tert-butanol-solvent system
only gave 20% conversion and 10% epoxide yield after 3 hours of reaction. There
was not so much difference observed between when additional water was added to
the solution and when hydrogen peroxide was used “as is”. It was surprising that
both systems gave the highest selectivity to epoxide (90%) among the systems
despite their potential to hydrolyse the epoxide formed. It is, however, preferable to
consider the system with additional water to enhance the transfer of oleate into the
aqueous phase, and that reducing the concentration of H202 in water is desirable on

safety grounds.
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Figure 3- 13 Effect of nature of solvents on epoxidation with hydrogen peroxide in the
presence of PTA with respect to conversion and yield. Reaction conditions: temp.= 50 °C, time =3 hours,
6 wt% catalyst relative to oleate, Adogen 464 =6 wt% relative to oleate, 1 mmol alkyl oleate reacted, 1 mL H,02, 1 mL H20, 1 mL

CH3CN, 1 mL CHCl2 and 1 mL CH3C(CH3).0H
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3.6.3 The need for a PTC in PTA-catalysed epoxidation reaction

It was also of interest to investigate the need for a phase transfer catalyst (PTC) in
the system by setting up two experiments from which PTC was completely excluded.
The first, system A, contained 2 mmol methyl oleate, 2 mL H202, 2 mL CH3CN and
four drops of CH3COOH while the second, system B, contained 2 mmol methyl oleate,
2mL H202, 2 mL CH3CN and 6 wt% PTA relative to oleate. GC-FID showed 3% methyl
oleate conversion and 99% selectivity to epoxide after 6 hours in system A and 3.8%
conversion and 59% selectivity to epoxide after 6 hours in system B. Interestingly,
while methyl oleate conversion in the absence of Adogen 464 was very low in both
systems, it was noticed that 0.7% epoxy acid and 0.8% diols side products were
formed in the B system. It appears that the peracid generated by both acetonitrile
and acetic acid in system A was not as strongly oxidising as the one formed by
acetonitrile alone in the presence of PTA in system B. Low methyl oleate conversion
with these systems, therefore, suggests that a PTC is needed to enhance conversion
although a combination of acetonitrile and acetic acid could be effective enough to
give a platform with high selectivity to epoxide at prolonged reaction time when PTA

is excluded.

3.6.4 Effect of PTA nature and source on epoxidation

Crystalline “wet” PTA was purchased from Sigma-Aldrich chemicals and a few grams
from this was oven-dried at 105 °C for 16 hours. PTA was also purchased from Acros
organics (which was in a powdery form) and used “as is”. Comparing results
between the Sigma PTAs, both demonstrated similar effectiveness for epoxidation.
The dried PTA gave 100% methyl oleate conversion and 87% epoxide yield while
the “as is” PTA gave 93% oleate conversion and 85% epoxide yield as shown in
Figure 3-14. PTA from Acros organics performed fairly better than the Sigma
catalyst with 90% epoxide yield. This experiment was repeated two times. The

reasons for the differences in conversion and yield are not so obvious. It was of
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interest to investigate this seemingly insignificant difference in performance with

infrared spectroscopy.

Effect of PTA nature and source on epoxidation
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Figure 3- 14 Influence of the nature and source of PTA catalyst on methyl oleate

conversion and epoxide yieId . Reaction conditions: temp.= 50 °C, time =3 hours, catalyst=6 wt% relative to oleate,

Adogen 464 =6 wt% relative to oleate, 1 mmol alkyl oleate reacted, 1 mL H.02 and 1 mL H.O.
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Figure 3- 15 ATR-FTIR spectra of hydrated and dehydrated PTAs and their sources

ATR-FTIR spectroscopic analysis of the PTAs was performed and the catalysts were

compared along with another “old” Sigma PTA catalyst purchased and used at the
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initial stage of this study. All the PTAs were hydrates, containing xH20 (water of
crystallisation) at purchase. Two regions were noted in the all the spectra (Figure 3-
15). The assignment of bands for Keggin structure agrees with the literature.232 254
255 The region 1075-522 cm! represents absorptions associated with metal-oxygen
skeletal modes of the Keggin unit: 1075-1074 cm (a. P-O stretch), 997-951 cm-
(W=0 stretch), 905-881 and 770-723 cm1 (W-0O-W stretch). The region at 3545-
1604 cm! connotes absorptions associated with OH stretching (v) and bending (§)
modes of acidic hydroxyls and of water molecules present in the catalyst.2>* The
dried and the old Sigma PTAs are much alike in their spectra. The spectra of the
Acros and Sigma “wet” PTAs resemble that of a fully hydrated PTA showing a broad
asymmetric absorption centered at 3490 and 3545 cm! respectively that is
associated with both neutral and protonated water species (v(OH) modes) and
another band at 1604 and 1618 cm-! (6(OH) modes) respectively. Surprisingly the
Acros PTA looked different in appearance from the “wet” Sigma catalyst. The former
was an off-white powdery solid in appearance and its better catalytic performance
than the latter does not justify why they have identical spectra. The shift from 3545
to 3099 cm-! and from 1618 to 1693 cm-! in the water band region (v(OH) modes)
and (6(OH) modes) respectively is due to dehydration of PTA as confirmed by other
author.254 A shift from 974 to 951 cm-! with reduced absorption intensity belonging
to W=0 vibration band was also noted. It should be recalled that the Acros PTA has
a spectrum that is identical with that of a fully hydrated PTA but its appearance
defied this fact. It could therefore mean that the catalyst possessed some level of
dehydration, and the dried and old Sigma PTAs are more dehydrated catalysts. It is
also possible that the powdered catalyst has a higher surface area and are more
capable of transferring to the organic phase, staying suspended there. As earlier
mentioned PTA acidity strength affects its epoxidation performance. The Acros
catalyst had the best performance as discussed earlier. It is not as dehydrated as the
dried and old Sigma PTAs and not as hydrated as the “wet” catalyst. Therefore, this

could mean that there is a level of water of crystallisation required to enhance the
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acid strength of the catalyst. More measurements will be needed to accurately justify

this conclusion.

3.7 Investigation into the formation of aldehyde and ketone during

epoxidation of oleates

So far formation of aldehydes and ketones in varying concentration among other
side reaction products has continuously characterised our epoxidation process.
Their formation is much more pronounced with acetonitrile used as a reaction
solvent. There exists in the literature significant evidence for the formation of
oxidation products of aldehydes and ketones from unsaturated fatty acid in the
presence of hydrogen peroxide and an acid as shown in Figure 3-16a.196,256-260 These

are typically two-step reactions leading to this formation.
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Figure 3- 16 Formation of aldehydes and ketones from unsaturated fatty esters (a) two-
step oxidation of double bond and diol to carboxylic acid and acid ester (b) mechanism
of the first step of the reaction leading to formation of diols.

The first step involves oxidation of the double bond in the presence of pertungstic

acid and hydrogen peroxide to form diols. The second step occurs under mild

pressure and involves oxidative cleavage of the carbon-carbon bond of the diols with
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hydrogen peroxide,25 or molecular oxygen in the presence of the residual tungstic
acid from the first step.25¢ With molecular oxygen used, a cobalt carboxylate catalyst

is required in addition to tungstic acid.25°

The mechanism of the first step has been studied and reported.196 258, 259, 261,262 Ap
epoxide is first formed as an intermediate product from the unsaturated fatty acid
ester facilitated by HWOs™ which is subsequently hydrolysed in the presence of the
strong acid H* as shown in Figure 3-16b. The mechanism for oxidative cleavage of
the diols has not been so studied extensively but there are two proposals in the
literature. The first argued that direct cleavage of the diol carbon-carbon forms an
aldehyde as an intermediate with subsequent oxidation to an acid. The second
argument involves the oxidation of one OH group to an alpha-hydroxyketone and
successive oxidation to acid. The former proposal can only proceed via a radical
mechanism and the latter is generally preferred by authors.256. 263 Another study
considered preparation of polycarboxylic acids from cyclic olefins by oxidative
cleavage with hydrogen peroxide.?62 According to this report in which 1,2,3,6-
tetrahydrophthalic acid anhydride was one of the compounds investigated, it was
concluded that oxidation of olefin to epoxide then to diol and subsequently to
polyacids in the presence of PTA is the only feasible way to oxidation cleavage of

cyclic olefin to produce such compounds.

However, aldehydes and ketones have been observed (sometimes simultaneously)
alongside their corresponding acids in this study. This means the first argument is
more likely to be true in this case. To investigate this, three systems of reactions with
different chemical compositions were considered as shown in Table 3-5. All
reactions were carried out at 50 °C and monitored with GC and NMR spectroscopy
by collecting samples at 5 and 30 minutes and 1, 2, 3, 6 and 24 hours of reaction.
Collected samples were dried over anhydrous magnesium sulphate and ran through

a column of neutral alumina before characterisation. In system A, there was
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formation of diol and epoxy acid, nonanal and 9-oxo nonanoic acid methyl ester 30
minutes into the reaction.

Table 3- 5 Composition of systems used to investigate formation of aldehydes and
ketones in epoxidation reaction

System  Composition Amount

A | Methyl oleate 4.1 mmol
Hydrogen peroxide 4 mL
Phosphotungstic acid 6 wt % relative to oleate
Adogen 464 6 wt% relative to oleate
Acetonitrile 4 mL

B | Methyl oleate 4.1 mmol
Hydrogen peroxide 4 mL
Phosphotungstic acid 6 wt% relative to oleate
Adogen 464 6 wt% relative to oleate

C | Methyl oleate 4.1 mmol
Hydrogen peroxide 4 mL
Phosphotungstic acid 6 wt% relative to oleate
Adogen 464 6 wt% relative to oleate
Tert-butanol 4 mL

Epoxide yield increased and peaked (78%) at 1 hour reaction time before a rapid
decrease began as shown in Figure 3-17. The decrease in epoxide yield from 2 hours
onward was complemented by an increasing yield of nonanal, nonanoic acid, 9-oxo
nonanoic acid methyl ester, nonanedioic acid methyl ester, diol, epoxy acid and 10-
oxo octadecanoic acid methyl ester. A further increase in yield was observed for
nonanal (15.4%), nonanoic acid (3.4%), 9-oxo nonanoic acid methyl ester (14.9%),
nonanedioic acid mono methyl ester (4.5%), 1.9% 10-oxo octadecanoic acid methy]l

ester and 26.8% epoxide after 24 hours (Figure 3-17).
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Figure 3- 17 Profile of side reaction products from epoxidation of methyl oleate in
acetonitrile solvent (system A) over 24 hours of reaction
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Figure 3- 18 Profile of side reaction products from epoxidation of methyl oleate in system
B over 24 hours of reaction
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Epoxide yields in system B (Figure 3-18) were 62% and 89% in 5 minutes and 30
minutes of reaction respectively and peaked (90%) at 1 hour before it began to drop.
There was an increase in the yield of nonanal, nonanoic acid, 9-o0xo nonanoic acid
methyl ester, nonanedioic acid methyl ester, diol and epoxy acid as the yield of
epoxide decreased. After 24 hours, there was 61.7% epoxide left while 8.1%
nonanal, 0.4% nonanoic acid, 7.8% 9-oxo nonanoic acid methyl ester, 0.4%
nonanedioic acid monomethyl ester, 6.6% diol, 5.9% epoxy acid and 1.5% 10-oxo

octadecanoic acid methyl ester have been formed.
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Figure 3- 19 Profile of side reaction products from epoxidation of methyl oleate in tert-
butanol solvent (system C) over 24 hours of reaction
In system C epoxide yield increased from 2.1% to 46.5% between 5 minutes and 24
hours of reaction without the formation of nonanal and 9-oxo nonanoic acid
monomethyl ester within the first 1 hour of reaction (Figure 3-19). Unlike in the first
two systems where epoxide yield increased at the on-set of reaction and thereafter

dropped, epoxide yield in system C increased all through the reaction time. At the
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end of reaction, 7.8% nonanal, 0.6% nonanoic acid, 7.6% 9-oxo nonanoic acid
methyl ester, 0.7% nonanedioic acid monomethyl ester, 7.1% diol, 5.5% epoxy acid
and 1.6% 10-oxo octadecanoic acid methyl ester have been formed. System B is

preferred to A as epoxide yield is higher with lesser concentration of side products.

It was obvious from the result that in all the three systems concentration of side
products increased with decreasing epoxide yield and increasing reaction time
showing that the epoxide was being gradually converted to the side products
observed. Interestingly, in all the systems the concentration or amount of nonanal
(including nonanoic acid) relative to 9-oxo nonanoic acid monomethyl ester
(including the acid) remained similar throughout the reaction time. Nonanal was
seen to undergo oxidation to nonanoic acid while 9-oxo nonanoic acid monomethyl
ester oxidised to nonanedioic acid monomethyl ester with prolonged reaction time.
This suggests that 9-0xo nonanoic acid monomethyl ester and nonanal were being
formed from the same source. Considering the fact that number of carbon atoms in
the two compounds sum up to 19, it suggests they were formed from a ruptured or
cleaved double bond or epoxy ring. This is in line with the literature described
earlier. Figure 3-20 shows the possible routes to some of the side products

generated in all the systems.
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Figure 3- 20 Routes to formation of side products from epoxidation of methyl oleate
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Figure 3- 21 Proton and Carbon 13 NMR spectra of System A at 6 h of reaction

The formation of the diol and epoxy acid were expectedly from hydrolysis of epoxy
bond and ester group by the water and acid in the system. Proton (wide) and carbon
13 DEPT NMR spectroscopy confirmed the presence of these side products as shown

in Figure 3-21.

A trace amount of 10-oxo octadecanoic acid monomethyl ester was observed in all
the systems. While it is known that an olefin can be converted to a ketone via a
modified Wacker-Tsuji oxidation process,264 it was not obvious how the compound
was formed under this condition and if it contributed to the formation of nonanal
and 9-oxo nonanoic acid monomethyl ester. Surprisingly, there was no trace of
nonanedioic acid and 9-oxo nonanoic acid observed in the GC spectrum. Following

supporting literatures on the result obtained above, it can be concluded that methyl
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epoxide was undergoing hydrolysis to form diols which later oxidised to alkanones

and alkanals and corresponding acid.
3.8 Epoxidation with heterogeneous catalyst

PTA is highly soluble in polar solvents and noted for a low surface area usually less
than 10 m?/g.225 This limits its use for catalysis in hydrophobic systems and
recovery is usually problematic in its homogeneous forms. A number of supports
have been employed to develop heterogeneous catalysts based on PTA for different
reactions.265-27Z Silica has been found to be a good support that most retains the
acidity and stability of PTA when used.?2’3 Of all the techniques including
impregnation and sol-gel technique used to adsorb PTA on supports, immobilization
is the preferred. Unlike in other methods in which there could be significant leaching
problem, in immobilization method PTA is chemically bonded to the support via
functionalization which makes it less vulnerable to leaching.274 Functionalization of
catalyst supports allows for more stability, varied and improved properties of the
support surface such as hydrophobicity.2’4 Mesoporous silicas are types of ordered
silica materials that have high surface area for improved catalytic activity, but with
pores of a large enough size to reduce diffusional limitations of larger molecules
such as triglycerides or fatty esters. SBA-15 is a commonly used type of mesoporous
silica with surface area of 600-1,000 m?/g in which the tuneable tubular pores are
hexagonally arrayed.?’”> SBA-15s are non-toxic, biocompatible and thermally
stable.®2 276 Many mesoporous silica supported PTA catalysts have been used for
epoxidation of olefins but there is no report where unsaturated fatty acids are
involved. Figure 3-22 shows the processes involved in the synthesis of

heterogeneous catalysts used for epoxidation in this study.

Mesoporous silica (SBA-15) was synthesised as described in chapter 8 section 8.3.9
using Pluronic 123 triblock copolymer surfactant as a template and characterised

according to the literature.277-280
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Figure 3- 22 Synthesis of functionalized mesoporous silica supported phosphotungstic
acid
Functionalization of SBA-15 was achieved by surface reaction with 3-aminopropyl
triethoxy silane, APTES, (chapter 8 section 8.3.10) to make the mesoporous support
more hydrophobic by exchanging some available hydroxyl group with amino group
thus reducing their availability for bonding with water. Incorporation of amino
propyl functionality will also improve sorption properties and PTA attachment
within the support. PTA was immobilized on the functionalized silica and designated
PTA-SBA-15-NH:2 as described in chapter 8 section 8.3.12. Another catalyst (PTA-
SBA-15) was made by impregnating PTA directly on a non-functionalized silica
support (chapter 8 section 8.3.11). Both catalysts alongside their supports were

characterised by FT-IR spectroscopy.

PTA immobilized on amino propyl functionalised mesoporous silica was
investigated as a catalyst for epoxidation reaction under different conditions at 60
oC. Figure 3-23 shows that the maximum yield of epoxide was 41% with 55% methyl
oleate conversion under system A after 27 hours. To both systems B and C 1 mL H202
was added every hour of the reaction. In system B the highest concentration of
nonanal (32.2%) was formed. Systems C and D used dichloromethane as a solvent.
Prolonged reaction time did not alter oleate conversion for these systems but D gave

much less concentration of side products.
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Figure 3- 23 Effectiveness of supported PTA catalyst for epoxidation under different
conditions. Reaction conditions @ 60 °C (A) 2 mmol methyl oleate; catalyst= 10 wt% relative to oleate; 0.17 g H.02; 1.23 g
CH3CN; time= 27 hours, (B) 2 mmol methyl oleate; catalyst= 20 wt% relative to oleate; 2 mL H,0>; time= 3hours, (C) 2 mmol methyl
oleate; catalyst= 20 wt% relative to oleate; 2 mL H.0; 2 mL DCM; time= 3 hours, (D) 2 mmol methyl oleate; catalyst= 20 wt%
relative to oleate; 2 mL H20>; 2 mL DCM; time= 24 hours, (E) 2 mmol methyl oleate; catalyst= 20 wt% relative to oleate; 2 mL H.0;
2 mL t-butanol; time= 48 hours
However, excess H202 concentration in C gave about three times the amount of
nonanal formed in D while leaving no diol or epoxy acid un-oxidised. The use of t-
butanol as solvent for reaction (system E) only yielded 4.4% epoxide, 32.8% diols,
10.6% nonanal and 9.6% 9-o0xo nonanoic acid monomethyl ester with 26.9% methyl
oleate still unconverted under 48 hours. Interestingly formation of the same side

reaction products as found for the unsupported catalyst systems was also observed

in the supported systems though not in the same concentration or magnitude.

Generally, the heterogeneous catalysts were found to be ineffective for higher
oleates even with prolonged reaction time and increased catalyst concentration. The
catalysts were also tested on cyclohexene, a lower molecular weight olefin. Here,
both supported phosphotungstic acid catalysts gave high conversion with this

alkene. PTA-SBA-15 catalyst gave a conversion of 93% while PTA-SBA-15-NHz
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catalyst gave 98% conversion under 18 hours of reaction. It was expected that the
functionalised mesoporous silica supported catalyst gave a higher conversion
compared to the non-functionalised catalyst because of the reasons earlier stated.
Karimi et al 23¢ already reported PTA-SBA-15 catalyst to give conversion of 90%
with cyclooctene under 12 hours and 77% cyclohexene conversion with hexamethyl
phosphoramide-phosphotungstic acid on mesoporous silica support hybrid catalyst
under the same time. With the pore size of PTA-SBA-15-NH2 measured as ~6.0 nm
on the porosimeter, our observed in-effectiveness of the catalysts for epoxidation of
alkyl oleates considered could be attributed to slow diffusion rate of oleate
molecules into the pores of the catalyst as a result of their bulkiness compared to

the catalyst pore size.

Many other heterogeneous catalysts have been developed to affect epoxidation.281-
285 n fact alumina has been reported to catalyse epoxidation of methyl oleate with
a conversion of 95% and selectivity greater than 97%,286 but long reaction time (24
hours) and high temperature requirement (80 °C) leaves a concern about this
process in terms of energy consumption when compared with other available
alternatives. An attempt was made to use alumina for epoxidation but the method
described in the literature was not reproducible though a balance of hydrogen
peroxide strength and other parameters have to be considered to obtain high

conversion and selectivity.287

3.9 Ultrasound-Assisted epoxidation (UAE) of alkyl oleate with

supported and unsupported PTA catalysts

The application of ultrasound has been recognised as a clean and environmentally
benign technology which has capacity to promote miscibility of phases, yields and
selectivity and easy product recovery.288-291 Ultrasonic-assisted epoxidation (UAE)
was attempted to circumvent the challenge of hydrophilic nature of PTA catalyst
which made it to stay more in the aqueous phase during the reaction regime, causing

avery slow reaction rate. The UAE set up is as shown in Figure 3-24 and initial works

120



showed significant formation of diols, aldehydes and low molecular acids side

products of oleates.

D_ »  Ultrasound control unit

»  Clamp/probe holder

Ultrasound compartment

- Probe end
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Figure 3- 24 Ultrasound assisted epoxidation reaction set up
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Figure 3- 25 Effectiveness of PTA and PTA-SBA-15-NH: catalysts for UAE of methyl
oleate. Reaction conditions @ 100% amplitude, 130 W, 20 kHz, catalyst= 20 wt% relative to oleate (i) for PTA catalyst: 2 mmol
methyl oleate; 2mL H20.; time= 1 hour, (ii) for PTA-SBA-15-NH; catalyst: 2 mmol methyl oleate; 3 mL H.0; with additional 2 mL

every hour; time= 5 hours.
Homogeneous PTA catalyst gave a methyl oleate conversion of 99.8% and 52.6%
epoxide in 1 hour while supported catalysts 99.1% conversion and 5.7% epoxide
yield in 5 hours (Figure 3-25). Addition of excess hydrogen peroxide led to increased
concentration of side products in the supported catalyst system.
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Figure 3- 26 Additional side reaction products formed with UAE of methyl oleate which
were not observed in conventional epoxidation process
Other side products (Figure 3-26) formed under UAE reaction include 2, 5-
hexanedione, suberic acid monomethyl ester, methyl-8-oxo-octanoate and octanoic
acid -8-hydroxymethyl ester although these were only suggestions from NIST

library but could not be confirmed by NMR spectroscopy.

One observation from this study is that ultrasound can be seen to enhance the ring-
opening of epoxides. Advantageously, a one-step epoxidation-PEGylation system
can be considered for surfactant synthesis with UAE. An attempt on this is discussed

in the subsequent chapter.
3.10 Synthesis of lactonic sophorolipid epoxide

Sophorolipids (SLs) are a class of glycolipid bio-surfactants first reported in 1961.292
They are synthesised by non-pathogenic yeasts such as called Candida
gropengiesseri,?%3 Candida apicola,?°* but the most effective organism for the
synthesis of SLs has been Starmerella bombocla.??> SLs consist of two molecules of
glucose (sophorose) which are connected by a gylcosidic bond to a hydroxyl fatty
acid. The carboxylic end of the fatty acid could either bond to the sophorose at the
4”-hydroxyl position to form a lactone or be left free (Figure 3-27). The commonly
attached fatty acid group on the sophorose include palmitic, stearic, oleic, linoleic
and alpha-linolenic acids. The sophorose group at times contain acetyl groups either
at the 6’ or 6” hydroxyl positions (mono-acetylated) or at both positions (di-

acetylated).2°¢ The surfactants have attracted commercial and academic interests
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for their applications in detergency, bioremediation, enhanced oil recovery,
medicine, home and personal care products and antimicrobial agents.297-301 They
are readily biodegradable, less toxic and have low cytotoxicity compared to

conventional surfactants.302 303

OH

Lactonic sophorolipid R=CH;CO or H Sophorolipid acid o)

Figure 3- 27 Forms of occurrences of sophorolipids

Modification of SLs is essential to improve properties and enhance the spectrum of
their applications.394 A challenge with SLs, in particular the lactonic form (LSL), is
poor water solubility as a result of the hydrophobic nature of the ester groups.
Alkaline and acid hydrolysis of LSL gives hydroxyl fatty acid and cleaves the ester
groups to improve solubility.39> Ozonolysis of double bond of the fatty acid chain
with a free carboxyl end gives a surfactant with improved properties. A recent
review by Delbeke et al 394 also considered several modifications reported on the
sophorose and fatty acid moieties of SLs. Some of these modifications include
acetylation of all the hydroxyl groups on the sophorose, oxidation of the fatty acid
group to form oxo-ester and dioc acids,29% 294 polymer-derived sophorolipids,306-308
among others. Surprisingly, there has not been any study that engaged the fatty acid
double bond in LSL to form an epoxide through which further modifications can be

made.

Several attempts were made to epoxidize the double bond using PTA catalyst as
applied for alkyl oleates under series of reaction conditions but conversion was low.

However, success was recorded with PTA catalyst prepared in situ as shown in
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Figure 3-28 and described in chapter 8 section 8.7 under 3 hours with complete

conversion and good yield (99.2%) recovered.

W, H,0,, H;POy,,
Adogen 464

—_—_—

50 °C, 3 hr

Figure 3- 28 Synthesis of lactonic sophorolipid epoxide

The product, epoxidised lactonic sophorolipid (ELSL), that transformed from a
white powder to a puffy sticky white crystal was characterised by FT-IR

spectroscopy, ESI-MS, NMR spectroscopy and CHN elemental analysis.

In Figure 3-29, proton NMR spectra obtained for ELSL and LSL showed a full
conversion of LSL with a complete disappearance of double bond C9-C10 at 5.33
ppm and appearance of epoxy protons C9-C10 at 2.93 ppm. This was complimented
by carbon 13 and DEPT NMR spectra which showed disappearance of C9-C10 at
129.84-130.07 ppm and appearance of C9-C10 epoxy carbon at 57.67-57.91 ppm.
The methyl end of the fatty acid C18 was not observed in the LSL but showed at the
expected position in the epoxide. The C8 and C11 protons shifted upfield after
epoxidation. Fortunately, HSQC and HMBC confirmed that the glycosidic bonds at
C17 bonded to C1’, C4” bonded to C1 and between C1” and C2” were not cleaved
despite the acidic solution. The ELSL spectrum also does not show any peak
representative of aldehyde or a carboxylic acid which corroborate the fact that the
lactone was not ring-opening. The acetyl groups (a, b) on the sophorose were not
hydrolysed but remained intact. Full assignment of NMR spectroscopy is described

in chapter 8 section 8.7 which agree with the literature.38 Some impurities were
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observed on the proton and carbon 13 NMR spectra for LSL despite the claim by

manufacturer to have 99% purity.
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Figure 3- 29 Proton NMR spectra of lactonic sophorolipid (LSL) and epoxidised lactonic
sophorolipid (ELSL). AV 700 MHz Bruker spectrometer, CDClz solvent.
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Figure 3- 30 FT-IR spectra of lactonic sophorolipid (top) and epoxidised lactonic
sophorolipid (bottom).
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IR spectra of both ELSL and LSL are shown in Figure 3-30 with olefinic C-H
stretching vibration disappearing at 3003 cm' and the epoxy symmetric
deformation vibration appearing at 825 cml. The presence of 1740 cm for C=0
stretching and 1236 cml for C-O- stretching vibration corroborate NMR

spectroscopy that the acetyl groups are still intact.

CHN analysis recorded %C (56.040 found, 57.940 calc.), %H (7.826 found, 8.010
calc.), %N (0.105 found). The trace nitrogen detected is possibly from residual
Adogen 464 used for epoxidation procedure. ESI-MS accurate mass was measured
for LSL as 711.3559 (MNa*, C34Hs6NaO14) and ELSL as 727.3499 (MNa*, 727.3511
calculated for Cs4Hse¢NaOis). Obviously, the difference of 16 between their m/z
values confirms the addition of oxygen atom across the double bond of LSL. Residual

Adogen 464 was also detected in the ESI spectrum of ELSL as shown in Figure 3-31.

ntens —— = e . = S ~ 5 T |
]| +MS, 1.0-1.0min #(117-120)]

o

0. O
1.00 o} OH

1 OH
0.751 0

1

1 . . OH

] impurity

OH

0.50
] o
|

0285

1 669.3449 |
] 727.3207

Ja12.1585 5993008 I |
| " |

- a—— e L. all A N "
450 500 550 600 650 700 750 miz

Intens. B +MS, 1.1-1.2min #(133-136)|
5
x10 396.4561 Adogen 464 o.

151 388.4244 T o o
¥ OH
OH
YO
0 -0,
1.0 OH
H

0.5 impurity

424.4878
745.3602

685.3410
467.1700
A Gl L L‘ i

e e o — Al

400 450 500 550 500 650 700 %0 800 miz

727.3499

795.3401

Figure 3- 31 ESI mass spectra of LSL and epoxidised LSL (ELSL)
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3.11 Conclusions

Alkyl oleate epoxides viz methyl, ethyl, 1-propyl, 2-propyl, 1-butyl, 2-butyl, 1-octyl,
2-octyl and 1-decyl oleate epoxides have been synthesised in good yield (>70%) and
large quantities (~20 g each) supported with comprehensive characterisation. It
was observed in our study that epoxide yield reduced with increasing moles of
oleate used for reaction. Doping a PTA catalysed epoxidation reaction with acetic
acid enhanced conversion at short reaction time and the highest yield was observed
within 90 minutes of reaction. The clean synthetic methods of heterogeneous
catalysis and ultrasound were applied to epoxidation of alkyl oleate. Generally,
conversion was slow with the heterogeneous supported PTA even at prolonged
reaction time. Side reaction products such as aldehydes, ketones, epoxy acids, diols,
were formed in varying concentration and observed in most of the reactions. The
concentration of these side products depend on the nature of solvent used and the
reaction time. UAE reactions gave high methyl oleate conversion but attended with
low selectivity to epoxide due to the formation of side products. With respect to how
the side products are formed, it can be concluded that alkyl oleate epoxide was
undergoing hydrolysis to form diols which later got oxidised to aldehydes and
ketones and corresponding acids as the case may be. A novel lactonic sophorolipid

epoxide has been successfully synthesised in good yield and characterised.
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4.0 Ring opening of epoxides with PEGs and carbohydrates

4.1 Introduction

Epoxides are very reactive because of their ring strain, thus can be easily modified
to make other useful organic chemicals. A ring opening reaction is one of the
processes of utilizing the very reactive epoxy ring by a nucleophilic attack to deliver
B-substituted alcohols.309-314 Epoxy fatty acid esters can be ring-opened or modified
to produce new materials with useful properties having wide applications.315-321
With particular interest in home and personal care products, fatty acid esters, which
usually act as hydrophobes, are modified with hydrophiles such as alcohols,
poly(ethyleneglycol) (PEG), or carbohydrates via ethoxylation to generate non-ionic
surfactants. In this chapter, epoxidised alkyl oleates synthesised in chapter 3 are
ring-opened with PEGs of different chain lengths (Figure 4-1), carbohydrates and
other hydrophiles from renewable sources to deliver surfactants. Also discussed in
the chapter are novel non-ionic surfactants derived from epoxidised lactonic

sophorolipid and epoxidised linseed oil.
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Figure 4- 1 Synthesis of non-ionic surfactants starting from oleic acid
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4.2 Ring opening of epoxides

Epoxides can be ring-opened in the presence of an acid or a base. Under an acidic
condition involving weak nucleophiles like water and alcohol, the oxygen on the
epoxide is first protonated followed by a nucleophilic attack on the most substituted
carbon on the epoxide. The attached nucleophile is thereafter deprotonated to give
a neutral product with an inverted stereochemistry (Figure 4-2a). Under basic
conditions, the nucleophile attacks the least substituted carbon position which
causes the epoxy ring to break open. The resulting alkoxide is thereafter protonated
by the reaction solvent to deliver a neutral alcohol (Figure 4-2b). In this case also

the stereochemistry is inverted.

I
o: Qo: OH OH

Figure 4- 2 Mechanism of epoxide ring-opening reaction in (a) acidic condition (b) basic
condition

It is intended to ring open the synthesised epoxides with monomethylated PEGs,
uncapped PEGs, inulin, fructose, D-sorbitol and isosorbide. These are weak
nucleophiles and as a result, Lewis acid catalysts were required for these reactions.
A wide range of homo