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Abstract
Waste-derived fish oil (FO) can be epoxidized, reacted with CO2 to produce cyclic
carbonates, then reacted with an amine to form non-isocyanate polyurethane materials. The
FO used was previously extracted from the by-products produced at fish processing plants,
including heads, bones, skin and viscera. Extracting oil from these waste products and using
it as a feedstock reduces the amount of waste generated by fish processing plants. Three
different methods were used for the epoxidation of the FO: (i) oxidation by 3chloroperoxybenzoic acid, (ii) oxidation by hydrogen peroxide and acetic acid, catalyzed
by sulfuric acid, and (iii) oxidation by hydrogen peroxide catalyzed by formic acid. A gateto-gate life cycle assessment of the epoxidation methods was performed, showing the
formic acid reaction is the greenest route to the formation of FO epoxides. Synthesized FO
epoxides were reacted with CO2 to yield FO cyclic carbonates. The optimum conditions
used 3.9 mol% tetrabutylammonium bromide and 2.0 mol% ascorbic acid (vitamin C) with
respect to epoxy-groups in the starting material to form cyclic carbonates with a conversion
of 90%. The products were characterized by 1H and

13

C NMR spectroscopy, IR

spectroscopy, and TGA. The FO carbonates were used to produce sustainable, bio-sourced
polyurethanes. Using a biomass-derived amine, non-isocyanate polyurethane materials
were synthesized and preliminary studies towards their degradation in aqueous solutions
was performed. This process could lead to new opportunities in waste management,
producing valuable materials from a resource that is otherwise underutilized.
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Chapter 1: Introduction
1.1 Green Chemistry
Green chemistry is a large, interdisciplinary field, that is governed by the same core
ideas. These overarching ideas involve reducing the hazard and environmental impact of
chemistry, both in the processes used and the products synthesized. This is through
preventing primary pollution, instead of waste treatment. In an effort to better define green
chemistry, Anastas and Warner outlined principles that would inherently make chemistry
safer for both humans and the environment (Figure 1.1).1 These principles are a good set
of guidelines to perform safer and greener chemistry.

Figure 1.1. The 12 principles of green chemistry.
1

Even before the advent of these principles, metrics that could be used for the
qualitative determination of the greenness of a reaction have been proposed. In 1991, Trost
introduced the concept of atom economy, which is the percentage of atoms in all reagents
used that are in the final desired product.2 Before this, metrics like stereoselectivity or
regioselectivity were considered more important. In theory, a 100% atom economic
reaction would indicate that all reagents are combining to form the product, with no byproducts and therefore, in theory, no waste is generated. Atom economy assumes
stoichiometric quantities of the reagents, a 100% yield, and ignores the solvents or
chemicals used in the workup of the reaction. Atom economy can therefore be misleading
in the true environmental impact of a reaction but is a good initial indicator.
In 1994, Sheldon introduced the concept of environmental- or E-factor, which is a
ratio of the mass of waste to the mass of product produced, excluding water.3 The reasoning
for excluding water was that it could lead to a large skewing of the E-factors,4 but ignoring
the amount of water can skew the E-factors to appear more favourable for the process,
appearing to generate less waste. In the specialty chemicals sector, the cost of waste can
approach 40% of production costs, and in cases where highly hazardous waste has to be
disposed of, this can become the most significant component of manufacturing costs.5 An
accurate depiction of the amount of waste generated by a process is therefore very
important. In the pharmaceutical industry, the trend is to include water in the calculation of
the E-factor.4 The introduction of the E-factor allowed for the inclusion of solvents and
auxiliary chemicals in the determination of the amount of waste generated, and therefore
the greenness of the reaction. The metric was inspired by the fine chemical industry in the
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1980s, specifically a pharmaceutical plant that was shut down when the cost of waste
disposal approached that of its generated income.4 While the E-factor is a quick calculation
that can be easily performed, it should not be relied on as a clear indication of the greenness
of a reaction, especially when comparing multiple routes to a desired product, as it does not
take into account the toxicity or hazard of the reagents used or the waste produced.
Further improving on this idea of accounting for waste and comparing methods with
respect to their environmental impact, a life cycle assessment (LCA) of a route can be
performed. Performing an LCA allows for a comparison of processes based on many
different environmental and health factors. LCAs have been around in many different
forms, with the first partial LCAs dating as far back as the late 1960s and early 1970s,
before becoming the standardized process today.6 This standardization gives goals and
guidance on defining the scope, developing the LCA, and the interpretation of the results.7
Defining the scope of the assessment will determine how detailed and complex the
assessment will be. An LCA can include all stages of production of a product, including
the production of all components that are included in the process of interest, or include
processes which occur after the production and distribution of the product such as its
recycling or disposal. Performing an LCA with this level of detail requires a large amount
of time and data, both of which may be difficult to obtain. If an LCA is being performed in
order to compare multiple processes, one of which is in the research or development phase,
a full scale LCA may be too difficult to perform as the required data is not readily
available.8 A simpler LCA can be performed by ignoring the pre- and post-production
details and only focusing on the process itself, or a gate-to-gate LCA. Using this method,

3

the processes can be compared using the same parameters, while requiring less data and
time.
In 2011, Mercer, Andraos and Jessop introduced a method to perform an LCA that
simplifies it for use in undergraduate or graduate level green chemistry courses.9 It follows
the standards and conventions of an LCA, on a gate-to-gate level, using nine different
metrics for the comparison of different processes. This route was used for the determination
of the greenest route for the formation of the fish oil (FO) based epoxides in Section 2.2.3.

1.2 Conventional Polyurethane Synthesis
Polyurethanes (PU) were first reported in 1947 by Otto Bayer, and were synthesized
through the reaction of an isocyanate with a polyol.10 In the reaction, the hydroxyl groups
of the polyol react with the isocyanate functional group forming a urethane linkage
(Scheme 1.1). Since their discovery, PUs have been produced industrially for the
production of foams, coatings, adhesives, and elastomers.11 PU foams are created through
the addition of small amounts of water, which reacts with the isocyanate group to form
carbon dioxide (CO2) and an unstable carbamic acid (Scheme 1.2).12 By 2021, the projected
worldwide consumption of PUs will be over 79 billion USD.13 Industrially, the isocyanates
used are formed from amines using phosgene, a toxic gas, which is in turn derived from
chlorine and carbon monoxide.14 Isocyanates themselves are highly toxic and water
sensitive, leading to many special safety precautions that must be implemented. Several
industrially used diisocyanates are known to have negative impacts on human health, and
the formed PUs can break down into carcinogenic aromatic amines.14,15

4

Scheme 1.1. Urethane formation from a polyol and isocyanate.12

Scheme 1.2. Reaction of isocyanate with water to form self-blown polyurethane foams.12

PU polymers and blown foams, while they are widely used in the furniture and
automotive industry, are easily ignited, burn quickly, and evolve large amounts of smoke
and toxic gases.16 To mitigate their high flammability, flame-retardant additives are
commonly added, many of which are polybrominated diphenyl ethers (PBDEs) that have
serious health hazards and are considered persistent organic pollutants. Because of this,
alternatives have been widely studied,17 but much more work needs to be done before PUs
can be considered harmless to human health and the environment.
The synthesis of PUs can be made safer and better for the environment by invoking
the principles of green chemistry. One way that PU synthesis has been made safer is via
use of an overall greener reaction process and by utilizing biomass-derived chemicals.
Generally, the polyol is derived from plant-based biomass which is then reacted with an
isocyanate for curing. Polyols that are derived from vegetable oils are frequently used, as
they can be easily synthesized with a varying number of hydroxyl groups depending on the
amount of unsaturation, or using oils with large amounts of ricinoleic acid, a natural polyol.

5

In 2000, Javni et al. synthesized several vegetable oil-based polyols by first
epoxidizing the oils, then converting the epoxy groups to hydroxyl groups.18 The formed
polyols could then be reacted with a modified diphenyl methane diisocyanate to give a
partly bio-derived PU. Many vegetable oils were epoxidized and used to form polyols,
including olive, peanut, canola, corn, soybean, safflower, and sunflower oil. Castor oil is a
natural polyol, as it is composed of mostly ricinoleic acid (Figure 1.2). While the other
vegetable oils are derived from edible plants, 80% of the world’s supply of castor oil is
produced from non-edible plants,19 allowing for a stable feedstock without impacting food
production. The castor oil-based PU showed a higher stability than that of soybean oil, and
under air, showed a greater thermal stability than the conventional polyoxypropylene-based
PU.18

Figure 1.2. Structure of the major component of castor oil.14

Soybean oil is a commonly used bio-based oil for the production of PU materials
as the unsaturated double bonds in the fatty acids can be converted to hydroxyl
functionalities for use in conventional PU synthesis (Figure 1.3). In 2011, Tan et al. used
a commercially available soybean oil-based polyol to form PU foams.20 Using polymeric
methylenediphenyl diisocyanate, a chain extender, gelation catalyst, blowing catalyst and
a silicone surfactant, soybean-based PU foams could be synthesized that had a higher glass
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transition temperature (Tg) than their petroleum-based counterparts. The foams were similar
in density and cellular morphology, but foams with 100% soybean oil-derived polyol aged
much faster due to their higher gas permeation.

Figure 1.3. Structure of soybean oil-derived polyol.

In 2016, Alagi et al. synthesized soybean oil-based polyols by reacting soybean oil
with 2-mercaptoethanol for different reaction times.21 By differing the reaction time, the
number of primary hydroxy functional groups could be controlled, and therefore so could
the amount of branching in the PU. The resulting polyol could then be reacted with a
prepolymer formed from reacting another diol with 4,4’-methylenebis(cyclohexyl
isocyanate) but unfortunately this isocyanate is toxic and a chronic health hazard.
These materials, while incorporating biomass-derived polyols, still use isocyanates
to produce PU materials, which is the main health hazard in their production. Many of the
commonly used isocyanates are asthmagens or serious skin irritants.15 Two of the most
commonly used isocyanates, methyl diphenyl diisocyanate and toluene diisocyanate
(Figure 1.4), are known carcinogens22 that are highly toxic, with low LC50 values (Table
1.1).23 In order to make the synthesis of PU materials greener, not only does biomass need
to be incorporated, but the use of isocyanates needs to be avoided.
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Figure 1.4. Structures of methyl diphenyl diisocyanate and toluene diisocyanate.

Table 1.1. LC50 values of two industrially used isocyanates.
Isocyanate
Methyl diphenyl diisocyanate
Toluene diisocyanate

LC50 (ppm)
36.0
49.0

1.3 Green Route to Plant Oil-Based Non-Isocyanate Polyurethanes
Reducing the use of isocyanates and moving towards utilizing bio-based materials
has been of large interest for several decades, as it circumvents the use of toxic compounds
in the production of industrially important materials.24,25 The number of publications on
biomass and renewable feedstocks has been rapidly increasing, with over 25,000 published
in 2018 (Figure 1.5). As shown in Section 1.2, biomass-derived chemicals can be
incorporated into the production of PU materials through the conventional isocyanate route,
but in order to completely remove the use of toxic isocyanates and phosgene, a different
route must be used.
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Figure 1.5. Number of publications per year on biomass and renewable feedstocks (From
Web of Science (21/06/2019), articles, topic = biomass OR renewable AND feedstock).

In 1979, the very first isocyanate-free synthesis of a PU material was reported,
becoming the first true non-isocyanate PU (NIPU).26 The material was produced through a
polycondensation reaction of diols with biscarbamates (Scheme 1.3). This removed the use
of isocyanates as a reactant but formed low molecular weight by-products. Another route
to form NIPU materials is through a polyaddition reaction of an organic cyclic carbonate
with an amine (Scheme 1.4). This polyaddition route to form NIPUs is preferable to the
polycondensation reaction as it is better characterized in the literature, is more economic as
solvents and catalysts are not required, by-products are minimal, and the final material can
be post-functionalized due to the presence of the hydroxyl group.27 These hydroxyl groups
make these materials polyhydroxyurethanes (PHUs), which are a subset of the NIPU
classification. The polyaddition reaction can be performed using biomass-derived cyclic
carbonates, therefore removing isocyanates while still incorporating biomass into the
material. Soybean oil-derived cyclic carbonates were first synthesized in 2004, and were
subsequently used to make NIPU materials by curing with ethylenediamine.28
9

Scheme 1.3. Polycondensation reaction forming non-isocyanate polyurethane.

Scheme 1.4. Polyaddition reaction of cyclic carbonate with an amine forming nonisocyanate polyurethane.

Since the first synthesis of soybean oil-derived cyclic carbonates, many other
vegetable-based oils have been used including linseed,29,30 cottonseed,31 and sunflower32,33
oils. These bio-based cyclic carbonates are synthesized through the coupling of CO2 and
epoxides, which are in turn derived from oxidizing the vegetable-based oils. Vegetablebased oils, such as soybean oil, are very intriguing starting materials for NIPU synthesis,
as they are a potentially renewable resource that is non-toxic. Soybean oil, which is one of
the most widely used bio-derived oils for NIPU synthesis, had a worldwide production of
over 330 million tonnes in 2016, with the largest producers being USA, Brazil and
Argentina (Figure 1.6).34 The production of land-based crops uses large amounts of land
space, and therefore competes with food production for land space. In 2016, the amount of
arable land on Earth was 1.4 billion ha,34 much of which is being lost to pollution or erosion
due to overuse and use of fertilizers.35 In order to not compete with food production and
not overuse land for growing crops, ocean-based biomass is an attractive alternative. A
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start-up out of Berkeley, California focuses on using triglycerides from algal oils for
synthesizing polyols that can then be reacted with isocyanates to make PU materials for
surfboards.36 This allows for the use of biomass-derived materials to be incorporated into
PU without using large amounts of land space to grow crops. In a similar manner, oils
derived from fish can be a green alternative to land-based crops for the synthesis of NIPU

Production (Million Tonnes)
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Figure 1.6. Soybean production by country.34

Fish processing generates large amounts of waste that is presently used to produce
low cost fertilizers or dumped at sea.37 With approximately 50 wt.% of the total catch being
discarded as waste,38 there is a large amount of material available for use as a feedstock for
NIPU synthesis. With increasing production in the aquaculture industry to meet the
growing demands of a growing population, the amount of waste produced will also
increase. This waste will need to be disposed of, at a cost to the industry. Since 1991, the
total finfish production in Canada has steadily increased (Figure 1.7), and in Atlantic
11

Canada alone, the waste from the industry reached over 418,000 metric tonnes per year in
2002.39 The amount of recoverable oil from this waste varies considerably depending on
the species, season, and tissue present in the waste material, but can account for up to 50%
of the waste material.37 By utilizing this material for the production of NIPUs, it does not
compete with food production or use large amounts of land space.

Thousand Tonnes

2000
1500
1000
500
0
Year

Figure 1.7. Total Canadian finfish production per year from 1991-2017.40

Within this thesis, the literature route for the formation of bio-based NIPUs was
followed for the formation of waste-derived FO-based NIPUs,29,33,41 with the oil first
oxidized to form epoxidized FO (EFO), followed by a 100% atom economical reaction
between the epoxide and CO2, forming a cyclic carbonate, or carbonated FO (CFO). In the
final step, the NIPU is formed by reacting the cyclic carbonate with an amine (Scheme
1.5).
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Scheme 1.5. Synthesis of NIPU from waste-derived FO.
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1.3.1 Methods Used for Synthesis of Bio-Derived Epoxides
Many biomass-derived oils have been used for the synthesis of epoxides, using a
variety of catalysts and reaction conditions. In 2013, Saithai et al. reported using lipase B
from Candida antarctica (CALB), or a lipase/acyltransferase from Candida parapsilosis
(CpLIP) with hydrogen peroxide (H2O2) for the formation of epoxidized soybean oil
(ESBO).42 They also performed a chemical epoxidation using H2O2 and formic acid
(HCOOH), catalyzed by sulfuric acid (H2SO4), for comparison with the enzymatic
epoxidation reactions. Using the different methods, ESBO with varying numbers of
epoxide groups were synthesized, ranging from 4.60 to 2.25 per molecule, with the highest
conversion being 78%. The formed ESBO was analyzed for the content of free fatty acids.
When HCOOH and H2SO4 were used the product had a low free fatty acid content, at less
than 0.6%, while the reaction with CpLIP had a free fatty acid content of 46% to 48%. The
formed epoxides could then be used to form copolymers with methyl methacrylate.
Bhalerao and co-workers used CALB, as a catalyst for the ultrasound assisted
formation of ESBO.43 Within 5 h, they achieved a conversion of 91.2% to the epoxide.
Without the use of ultrasound, the conversion to the epoxide dropped to 27.6% within the
same reaction time. The reaction uses toluene as a reaction solvent, which is highly
flammable and a health hazard, but the reaction allows for recycling of the catalyst. The
solid catalyst could be recovered by a simple filtration, washed with toluene and reused six
times, with a slight decrease to 59% relative conversion after the sixth reuse.
Simple carboxylic acids, such as HCOOH and acetic acid (CH3COOH), are
commonly used as catalysts for the epoxidation of biomass-derived oils. In 2018, Meadows
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et al. used HCOOH or CH3COOH with H2O2 to compare their relative reactivities towards
synthesizing ESBO.44 In the aqueous phase of the reaction, the carboxylic acid used reacts
with H2O2 to form a peracid, either performic or peracetic acid. This further reacts with the
double bonds in the organic phase to oxidize them and form the desired epoxide groups. A
comparison of HCOOH with CH3COOH at different reaction times and concentrations of
H2O2 showed that HCOOH was the more effective oxygen carrier, achieving higher
conversions to the epoxide. Under optimized conditions, the ESBO was formed with 98%
conversion of the alkenes within 6 h using a molar ratio of oil:formic acid:H2O2 of 2:1:4.
In 2002, Marks and Larock used 0.5 mol% of methyltrioxorhenium, 12.0 mol% of
pyridine, and 150 mol% of H2O2 to fully epoxidize capelin FO over 6 h.45 A FO ethyl ester
was also epoxidized, using 0.34 mol% of methyltrioxorhenium, 8.15 mol% of pyridine, and
1.03 equivalents of H2O2, in an 86% yield. The FOs were also reacted with Wilkinson’s
catalyst, [RhCl(PPh3)3], to conjugate the polyunsaturated fatty acids in the FO, followed by
the epoxidation reaction. While the conjugation of the oils occurred in high yields,
epoxidation of these conjugated FOs resulted in only partial epoxidation and the 13C and
1

H nuclear magnetic resonance (NMR) spectra were too difficult to interpret. Except the

limited examples just discussed, FO has otherwise not been investigated to produce
epoxides.
1.3.2 Catalysts Used for Coupling of Bio-Derived Epoxides and CO2
Utilizing CO2 as a chemical reactant poses a challenge, as it is a very stable small
molecule,46 and therefore requires a catalyst in order to activate it for reaction. While the
rising concentration of CO2 in the Earth’s atmosphere will require policy changes and
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changes in regulations, it is possible for chemistry and catalysis to contribute to the
reduction of CO2 in the atmosphere via its capture and utilization.47,48 While one carbon
capture and utilization process will not fix the problem alone, each use for CO2 can
contribute to the solution. Utilizing CO2 for various syntheses is highly attractive,
especially from a green chemistry perspective. CO2 is non-toxic, non-flammable,
inexpensive, and readily available. The potential environmental benefits of using CO2 are
very attractive but capturing and using an inert molecule like CO2 will require large
amounts of energy that may offset the potential benefits. In order to properly assess the true
impact of a carbon capture and utilization process, an LCA on the full life cycle of the
material is required.49,50
A wide range of catalysts have been synthesized and reported for the activation of
CO2 for the production of cyclic carbonates.51,52 In 2015, Alves et al. developed a series of
organic molecules for the synthesis of carbonated linseed oil (CLSO) from epoxidized
linseed oil (ELSO) and CO2.30 Tetrabutylammonium bromide (TBAB) was used as the
organo-catalyst (Figure 1.8), with a hydrogen bond donor (HBD) used as an activator for
the reaction. A series of 17 HBDs were tested, with the four best activators being 1,3-bis(2hydroxyhexafluoroisopropyl)benzene

(HBD1),

hexafluoro-2-(p-tolyl)isopropanol

(HBD2), perfluoro-tert-butanol (HBD3) and pyrocatechol (HBD4) (Figure 1.9). The
reaction to form CLSO was performed using 2.2 mol% of both TBAB and the HBD, at 120
°C and a pressure of 50 bar of CO2. Quantitative conversion could be obtained after 10 h,
without using any organic solvents, but relatively high temperatures and pressures were
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used, and so there is a need to develop more efficient catalysts that would be active under
milder conditions.

Figure 1.8. Structure of organo-catalyst TBAB.

Figure 1.9. HBDs used for the synthesis of CLSO from ELSO and CO2.

Büttner and co-workers reported an iron-based catalyst for the synthesis of cyclic
carbonates from a wide range of epoxides.53 Using tetra-n-octylphosphonium bromide as
the catalyst, a wide range of iron salts were tested for use as a cocatalyst, with iron(III)
chloride giving a high conversion, as well as the highest selectivity for the cyclic carbonate.
Using 2 mol% of tetra-n-octylphosphonium bromide, 0.25 mol% of iron(III) chloride, at
100 °C and 50 bar CO2, for 24 h, 5 different vegetable oil-derived cyclic carbonates, based
on linseed, soybean, and sunflower oil, were prepared with quantitative conversions of the
epoxide groups to carbonates.
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In 2016, Kerton and co-workers reported the use of several iron(III) aminobis(phenolate) complexes for the synthesis of cyclic carbonates from CO2 and several
epoxides.54 The iron complexes used were synthesized from several different ligands,
producing a range of catalysts with different activities towards cyclic carbonate formation
(Figure 1.10). Using several co-catalysts and reaction conditions, the catalysts were tested
using propylene oxide. The catalyst with t-butyl groups as both substituents on the
phenolate rings showed promising activity towards the formation of cyclic carbonates, with
a 74% conversion of propylene oxide using 0.025 mol% of the iron catalyst, 0.1 mol%
TBAB, at 100 °C and 20 bar CO2 for 22 h.

Figure 1.10. Iron(III) amino-bis(phenolate) complexes reported by Kerton and coworkers.54

In 2016, Babu et al. reported the use of a metal organic framework (MOF) for the
room temperature formation of cyclic carbonates from propylene oxide.55 A micromesoporous MOF, UMCM-1-NH2, was used along with TBAB for the reaction at 1 bar
CO2 and room temperature for 24 h. The MOF contained an amine functionality, as well as
Zn4O clusters, both of which are thought to be important in the mechanism for the reaction.
The reaction produced the desired cyclic carbonate in a 90% conversion. When performed
18

with either the MOF or TBAB alone, neither produced a significant amount of product. A
reaction was also performed with a mixture of the catalyst precursors, and did not show
any catalytic activity, showing the importance of the environment that the porous MOF
provides for reaction.

1.3.3 Methods Used for Synthesis of Non-Isocyanate Polyurethanes from
Cyclic Carbonates
NIPU materials can easily be formed from cyclic carbonates by reacting them with
an amine. The amine ring-opens the cyclic carbonate and forms a urethane linkage with a
hydroxyl group. In 2012, Bähr and Mülhaupt reported the preparation of linseed and
soybean oil based NIPU materials.29 The CLSO used had a higher carbonate content than
the CSBO. By mixing the two carbonates in different mass ratios, the carbonate content
was varied between 20.8 wt% and 26.7 wt%. The resulting mixtures were cured using
ethylenediamine, 1,4-butanediamine, or isophorone diamine, a cycloaliphatic amine. The
materials produced varied in their mechanical properties, with the highest Tg at 60 °C using
CLSO alone with isophorone diamine. The materials were tested for swelling in water, and
due to the high number of hydroxyl groups, the water uptake was significant. With the
increasing carbonate content, and therefore increasing number of hydroxyl groups, the
amount of water absorbed also increased. This was reduced when the more hydrophobic
isophorone diamine was used.
Bähr and co-workers reported the use of cyclic limonene dicarbonate for the
formation of NIPU materials (Scheme 1.6).56 Limonene is a sustainable and bio-derived
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chemical that is produced by many plants, and can be extracted from waste citrus fruits.57,58
Despite this, limonene and other terpenes have not been widely investigated for the
formation of NIPU materials.56 In the synthesis of limonene-derived linear NIPUs, the
cyclic carbonate was reacted with different amines: 1,4-butanediamine, 1,6hexamethylenediamine, 1,12-dodecanediamine, and isophorone diamine. Polyfunctional
amines were also used to form branched NIPU networks. When a hyperbranched amine,
Lupasol® was used, the resulting NIPU was very stiff and brittle with a Tg ranging from
55 °C to 62 °C. Linear NIPUs made with isophorone diamine gave the highest Tg at 70 °C.

Scheme 1.6. Formation of NIPU from limonene.56

In 2016, Grignard et al. reported the formation of NIPU foams derived from CSBO
and an amino-terminated polymer.59 1,3-Bis(hydroxyhexafluoroisopropyl)benzene was
used as a catalyst for the formation of CSBO, and was not removed from the product before
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formation of the NIPU as it also catalyzes the reaction between the cyclic carbonate and
amine. The resulting CSBO-based NIPUs had Tg values in the range of –2 °C to –5 °C. The
foaming process of the NIPU materials involved saturating the polymer with CO2 at 40 °C
and 100 or 300 bar for 3 h, then cooling the reactor to 0 °C before depressurizing. The
foaming then occurred by heating the CO2 saturated sample at 80 °C or 100 °C. The
resulting foams have potential applications as insulation and do not require the use of
harmful foaming agents.
To create a fully bio-derived NIPU coating, Mahendran et al. used CLSO and a biobased amine, NC-540, which is derived from cashew nut shell liquid.60 The cyclic
carbonate and amine were mixed in a range of mixing ratios and cured at different
temperatures. The film with a CLSO:amine mixing ratio of 1:0.75 that was cured at 100 °C
showed the best performance as a coating, with the least amount of swelling in
dichloromethane. The film also had a void-free high gloss coating, while samples cured at
lower temperatures showed a diminished gloss value. The formed films were 100% bioderived materials that could be used to replace PU coating where high gloss and scratch
resistance is required.

1.4 Objectives for Thesis
The main objective for this thesis was to synthesize a green alternative to
conventional PU materials that also improves on the environmental impact of those derived
from vegetable oils. Current methods for the epoxidation of oils use a wide range of
conditions and catalysts, which may be used in a large excess, or performed at high
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temperatures for extended periods of time. Therefore, the objective was to use
environmentally friendly methods to epoxidize the FO, that did not require large amounts
of reagents, a long reaction time, or high temperature.
Cyclic carbonate formation is generally performed at both high temperature and
pressure, while using various catalysts. Another aim, therefore, was to optimize the reaction
conditions for the formation of CFO, using lower temperatures, lower pressures, a green
catalyst, and therefore less energy. The final step in the literature route to bio-based NIPU
materials is reaction with an amine, which is often toxic and not bio-derived. Another
objective of this thesis was to use bio-derived amines to increase the amount of bio-based
material incorporated into the NIPU network. This could also increase the degradability of
the NIPU material, which is the final aim of this thesis.
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Chapter 2: Synthesis and Characterization of Epoxides Derived from
Fish Oil and Related Unsaturated Starting Materials
2.1 Introduction
Epoxides based on renewable feedstocks, such as vegetable oils, have been
produced for over 30 years1 and are thought to be sustainable, biodegradable2,3 products
that are important intermediates for the synthesis of cyclic carbonates and non-isocyanate
polyurethanes (NIPU). As demonstrated in Chapter 1, triglycerides present in biomassderived oils can be a valuable starting material for the formation of these non-petroleumderived epoxides. Marks and Larock4 previously used rhodium and rhenium-based
catalysts to conjugate and epoxidize the triglycerides present in both Norway fish oil (FO)
ethyl esters and capelin FO, showing that FO can be a possible substitute for land-based
biomass. The capelin FO contained approximately 4.5 carbon-carbon double bonds per
triglyceride, identical to the waste-derived FO used herein that also contains 4.5 carboncarbon double bonds, as determined by

1

H nuclear magnetic resonance (NMR)

spectroscopy. The goal for this chapter was to synthesize epoxidized FO (EFO) through
environmentally friendly and sustainable methods which adhere to the principles of green
chemistry.
FO used in this work was extracted by the Hawboldt group within the Department
of Process Engineering at Memorial University of Newfoundland, from Atlantic salmon
(Salmo salar Linnaeus) offcuts by a modified fishmeal process.5 The produced FO is
composed of approximately 70.48 ± 2.09% triglycerides with 8.43 ± 0.95% free fatty acids.
The fatty acid profile for the FO is complex with the major fatty acids being oleic (18:1ω-
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9, 31.44 ± 1.64%), linoleic (18:2ω-6, 15.36 ± 0.51%), palmitic (16:0, 14.02 ± 0.77%), and
palmitoleic (16:1ω-1, 6.92 ± 0.11%) acid. Model compounds oleic acid (OA) and methyl
oleate (MO) are therefore used to represent the FO as they are the most abundant and
simplest unsaturated fatty acid present within the FO triglycerides. This differs from
soybean oil, which is mostly polyunsaturated fatty acids, with linoleic acid being the most
abundant fatty acid.6 For comparison to the extracted FO, nutritional tablet FO (TFO),
which contains only triglycerides of docosahexaenoic acid (DHA, 22:6ω-3) and
eicosapentaenoic acid (EPA, 20:5ω-3), was also studied.
Three routes for the formation of epoxides were used and optimized for both the
model substrates, MO and OA (Scheme 2.1), as well as the two FO substrates (Scheme
2.2). These different routes will be outlined in Section 2.2.1, with a comparison of the
environmental footprint of each route in Section 2.2.3. These routes include epoxidation
using 3-chloroperoxybenzoic acid (m-CPBA), hydrogen peroxide (H2O2) catalyzed by
sulfuric acid (H2SO4), and H2O2 catalyzed by formic acid (HCOOH).

Scheme 2.1. Schematic for the conversion of MO (R = Me) and OA (R = H) to their
respective epoxide.
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Scheme 2.2. Schematic for the conversion of FO triglycerides to epoxides.

2.2 Results and Discussion
2.2.1 Assessment of Routes to Epoxides
2.2.1.1 Epoxidation by 3-Chloroperoxybenzoic Acid
The epoxidation of the oils was performed following a literature method.7 The oil
was dissolved in 40 mL of dichloromethane (CH2Cl2), cooled to 0 °C, and m-CPBA slowly
added, before stirring at room temperature for 11 h. After cooling and gravity filtration, the
collected organic phase was washed three times with a sodium sulfite (Na2SO3) solution,
three times with a saturated sodium bicarbonate (NaHCO3) solution, and once with a
sodium chloride (NaCl) solution. After drying over anhydrous magnesium sulfate (MgSO4)
and filtration, the CH2Cl2 was removed under reduced pressure to give the epoxidized
product. This reaction gave excellent conversions of the double bonds to the desired
epoxide.
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The summarized reaction conditions are presented in Table 2.1 below. MO and FO
were epoxidized, obtaining a conversion of 90% and 96-99%, respectively. The synthesized
EFO showed an increase in viscosity from the FO (0.0530 ± 0.0001 Pa·s) to 0.0962 ±
0.0017 Pa·s. Plots for the rheology measurements of the oils are presented in the Appendix
(A2, A3). Epoxidation of OA through this method gave a viscous white oily mixture that
could not be filtered and purified, allowing no product to be isolated.

Table 2.1. Experimental conditions for epoxidation by m-CPBA.
Substrate

Oil (g)

m-CPBA (g)

Time (h)

Conversion to
Epoxide (%)a

Methyl Oleate

1.43

0.93

11

90

Oleic Acidb

2.01

1.75

12

-

Fish Oil

1.53

2.00

12

96

1.50

1.99

12

99

a

Determined by 1H NMR spectroscopy. bProduct could not be isolated.

The m-CPBA reaction proceeds through a concerted mechanism with a cyclic
intermediate (Scheme 2.3), causing the stereochemistry of the starting epoxide to be
maintained during the reaction. The starting unsaturated fatty acids all contain cis-oriented
double bonds, and therefore form the cis-oriented epoxides.
Using m-CPBA for the epoxidation of the fatty acids gives a high conversion to the
desired epoxide, but in terms of atom efficiency, this route is not ideal. The only reagent
used besides the oil is m-CPBA, and it is only providing one oxygen towards the product,
leaving the rest of the molecule as waste. Calculating the atom efficiency for the
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epoxidation of MO through this method gives 66%. While it gives a high conversion, in
terms of green chemistry, it uses a hazardous chemical, a large amount of solvent for the
reaction, and has a low atom efficiency. The overall impact on health and the environment
will be explored in more detail and compared with the other epoxidation methods in Section
2.2.3.

Scheme 2.3. Mechanism of the formation of epoxides from m-CPBA.8

2.2.1.2 Optimization of Sulfuric Acid Catalyzed Epoxidation
Following a literature method that utilizes H2O2 as the oxidant,9 the oils used in this
thesis were epoxidized. The oils were dissolved in heptane, and acetic acid (CH3COOH)
was added before heating to the desired reaction temperature in an oil bath. An acidified
H2O2 solution was then added dropwise over 1 h with stirring. Upon complete addition, the
reaction mixture was stirred and heated for the desired reaction time and then cooled to 0
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°C. The organic layer was washed with deionized water, dried over MgSO4 and filtered.
After removing the solvent, the desired epoxide was collected.
The summarized experimental conditions and conversions achieved for each
substrate are presented in Table 2.2 below. For MO a conversion of the double bonds to
the epoxide of 76% was obtained at 60 °C. Increasing the temperature slightly to 65 °C did
not significantly increase the conversion, so the lower temperature was used for further
reactions. The epoxidation of OA occurred with a similar conversion of 85% under the
same conditions. Waste-derived FO was epoxidized with a conversion of 61% in 18 h at 60
°C. In the 1H NMR spectrum for the formed product (Figure 2.6) there is a new peak at
3.39 ppm that corresponds to the formation of a polyol side product, which is formed at a
39% conversion. Reducing the reaction time to 12 h, the conversion to the epoxide is
increased to 89%, with the conversion to the polyol reduced to 5%. Reducing the
temperature to 50 °C significantly reduced the conversion to the epoxide to 60% with
0.95% conversion to the polyol.
TFO was epoxidized for 18 h at 60 °C, giving a yellow oil that showed no visible
epoxide groups by 1H NMR spectroscopy. Evidence for the formation of hydroxyl groups
is provided by IR analysis and is discussed later in this chapter (Section 2.2.2.3.). Since the
product formed hydroxyl groups, this indicates over-oxidation and ring-opening of the
epoxide. In order to reduce the amount of polyol produced, the reaction time was lowered
to 15.25 h, increasing the conversion to the desired epoxide to 65%. By 1H NMR
spectroscopy, this product showed no formation of the undesired hydroxyl groups.
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Table 2.2. Experimental conditions for epoxidation by H2O2 catalyzed by H2SO4.

a

H2SO4
(wt.%) b

T (°C)

t (h)

Conversion
to Epoxide
(%)c

Substrate

alkene:CH3COOH: H2O2

Methyl
Oleate

1:0.42:1.50
1:0.42:1.50

0.60
0.76

60
65

18
18

76
84

Oleic Acid

1:0.42:1.56

0.84

60

18

85

Fish Oil

1:0.91:3.23
1:1.00:3.05
1:1.06:3.06

1.2
1.2
0.96

60
60
50

18
12
12

61
89
60

Tablet
Fish Oil

1:0.67:1.92
1:0.69:1.84

0.82
0.75

60
60

18
15.25

65

a
c

mole ratio of double bonds within substrate:CH3COOH:H2O2. bWeight % relative to mass of oil used.
Determined by 1H NMR spectroscopy.

The acid catalyzed epoxidation of the oils using H2O2 and CH3COOH proceeds
through a concerted mechanism (Scheme 2.4) that is similar to that for the m-CPBA
epoxidation, with the stereochemistry of the starting epoxide maintained during the
reaction, forming cis-oriented epoxides. This method gave lower conversions than that
using m-CPBA, but optimized conditions for MO, OA, and FO still gave high conversions
above 84%. The atom efficiency is improved in this method compared with using m-CPBA,
as the oxygen that is being incorporated into the product is coming from H2O2. For the
epoxidation of MO the atom efficiency is 95%, as both the CH3COOH and the H2SO4 are
catalysts and are not included in the calculation. This reaction appears to be much greener,
but it includes the use of H2SO4, which is highly corrosive. The overall impact on health
and the environment will be explored in more detail and compared with the other
epoxidation methods in Section 2.2.3.
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Scheme 2.4. Mechanism of the acid catalyzed formation of epoxides using H2O2 and
acetic acid.8

2.2.1.3 Optimization of Formic Acid Catalyzed Epoxidation
The final method used in this work for the epoxidation of FO and related chemicals
uses HCOOH and H2O2. The oil and HCOOH were heated to 40 °C followed by dropwise
addition of H2O2 over 1 h with stirring. In some reactions, a previously reported deep
eutectic solvent (DES) catalyst composed of choline chloride (ChCl) and oxalic acid
(OxA)10 was added with the HCOOH. Once the addition of H2O2 was complete, the
reaction mixture was heated to the desired reaction temperature and stirred for the desired
reaction time. The contents were then cooled to 0 °C, dissolved in CH2Cl2 or dimethyl
carbonate (DMC), and the organic layer washed with deionized water, dried over MgSO 4,
and filtered. After removing the solvent, the desired epoxidized product was collected.
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The summarized reaction conditions are presented in Table 2.3 below. The model
substrate, MO, was epoxidized using the DES catalyst giving a conversion of 71% to the
epoxide. To test the capability of the ChCl-OxA catalyst, OA was epoxidized without the
DES in a series of reactions from 1 to 4 h, giving a maximum conversion of 85% after 4 h.
The waste-derived FO was first epoxidized with the DES catalyst added, for 8 and
9 h, giving a conversion of 82% and 75%, respectively. As with OA, a series of reactions
were performed without ChCl-OxA for 1 to 5 h, with the highest conversion of 94%
obtained after 5 h, which was higher than when ChCl-OxA was present. TFO was
epoxidized using ChCl-OxA for 8 h to compare with the other substrates, giving a
conversion of 65%. With HCOOH alone, the epoxidation of TFO was performed for 1 to 5
h, with the highest conversion of 84% obtained after 4 h. The reaction performed for 5 h
had a 76% conversion to the desired product, potentially due to conversion of the epoxide
to a polyol. For all substrates, a higher conversion was achieved without the use of ChClOxA, so only HCOOH and H2O2 were used for subsequent reactions.
The HCOOH catalyzed epoxidation of the substrates using H2O2 proceeds through
the same mechanism as with CH3COOH and H2SO4, keeping the stereochemistry of the
double bonds the same and therefore forming cis-oriented epoxides. The atom efficiency
of the reaction is the same as that for the CH3COOH epoxidation, at 95%, as it still uses
only H2O2 for the reaction, with the carboxylic acid acting as the catalyst. The HCOOH
catalyzed reaction removes the use of H2SO4, a strong mineral acid. In the case of OA, FO,
and TFO, a higher or equivalent conversion to the epoxide was achieved using HCOOH.
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The overall impact on health and the environment will be explored in more detail and
compared with the other epoxidation methods in Section 2.2.3.

Table 2.3. Experimental conditions for epoxidation by H2O2 catalyzed by formic acid.

Substrate

alkene:HCOOH: H2O2 a

ChCl-OxA
(wt.%) b

t (h)

Conversion to
Epoxide (%)c

Methyl
Oleate

1:0.76:1.71

2.8

8

71

Oleic Acid

1:0.65:1.72
1:0.71:1.68
1:0.73:1.68
1:0.73:1.66

0
0
0
0

1
2
3
4

38
62
77
85

Fish Oil

1:1.61:3.48
1:1.57:3.48
1:1.48:3.66
1:1.51:3.37
1:1.56:3.50
1:1.54:3.52

4.3
4.3
0
0
0
0

8
9
1
3
4
5

82
75
56
76
86
94

Tablet Fish
Oil

1:0.99:2.37
1:0.96:1.63
1:1.07:1.70
1:1.20:1.71
1:0.98:1.45

3.9
0
0
0
0

8
1
3
4
5

65
56
76
84
76

a
c

mole ratio of double bonds within substrate:HCOOH:H2O2. bWeight % relative to mass of oil used.
Determined by 1H NMR spectroscopy.

Similar methods using HCOOH and H2O2 have been reported in the literature for
the epoxidation of other bio-based oils.11–14 The reaction conditions of these methods are
presented in Table 2.4 for comparison to the HCOOH catalyzed reaction with FO. The
optimized reaction temperature for the epoxidation of FO was 50 °C, which is similar to
reaction temperatures reported in the literature. The reaction time of 5 h is much shorter
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than the 22 h required by Campanella et al., for the conversion of soybean oil,12 or the 72
h required by Audic et al. for broccoli oil.11 In 2013, Hazmi et al. epoxidized jatropha oil,
from a flowering plant native to the American tropics, as an intermediate to the formation
of polyols using lower molar ratios of HCOOH and H2O2, but only achieved conversions
of 59.5 to 61.5%.13 The conditions used in this work are similar to those reported in 2018
by Meadows et al. for the conversion of soybean oil into its corresponding epoxide, which
required 6 h to achieve a 98% conversion.14 The ratio of reagents used is based on the moles
of oil used, with no mass loadings reported, and so is difficult to directly compare to the
ratios used in this thesis. The conditions used in the work reported herein for FO achieves
a high conversion of 94% while maintaining a low reaction temperature and time, while
also using less H2O2 than literature conditions that require longer reaction times.

Table 2.4. Comparison of literature conditions for the formation of bio-based epoxides.

a

Reference

Substrate

Campanella
et al., 2011
Hazmi et al.,
2013
Audic et al.,
2014
Meadows et
al., 2018

Soybean
oil
Jatropha
oil
Broccoli
oil
Soybean
oil

This Work

Fish oil

T (°C)

t (h)

alkene:HCOOH: H2O2 a

Conversion
(%)

40

22

1:2:10

complete

65

5

0.1:0.4:1.7

59.5-61.5

40

72

1:2:20

complete

50

6

1b:0.5:2

98

50

5

1:1.54:3.52

94

mole ratio of double bonds within substrate:HCOOH:H2O2. bPer mol of oil used.
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2.2.2 Characterization of Epoxides
2.2.2.1 1H and 13C NMR Data
NMR spectra of the model compounds MO and OA, as well as the corresponding
epoxides synthesized in this work, have been previously reported and the 1H and 13C NMR
data found herein are consistent with those reported in the literature.9 Representative 1H
and 13C NMR spectra for MO and its corresponding epoxide, are shown in Figure 2.1 and
Figure 2.2. The 1H NMR spectrum for MO, Figure 2.1, contains a triplet at 0.87 ppm
representing the terminal methyl group (H18). A complex pattern of peaks appearing from
1.2 to 1.7 ppm represents the methylene protons from the carbon chain, with the protons on
the carbon β to the carbonyl (H2) represented by a triplet centered at 2.30 ppm. A broad
peak at 2.01 ppm represents the allylic protons (H8 and H11) in the molecule. A singlet at
3.66 ppm represents the hydrogens (H19) from the methyl ester group and the peak at 5.33
ppm corresponds to the olefinic protons (H9 and H10). In the 1H NMR spectrum for EMO,
these same peaks appear, with a new peak at 2.89 ppm, which represents the formation of
the epoxide (H9, H10). The conversion of the double bonds to the corresponding epoxide
was determined from the ratio of the epoxide protons to the sum of the epoxide protons
plus the remaining olefinic protons.
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Figure 2.1. 1H NMR spectra of MO (top, blue) and EMO (bottom, black) in CDCl3.

The 13C NMR spectra for MO and EMO, Figure 2.2, contain a peak at 14.2 ppm,
corresponding to the terminal methyl of the carbon chain (C18). Peaks from 22.8 to 34.2
ppm represent the methylene carbons in the carbon chain (C2-C8, C11-C17). The peak at 51.6
ppm in both spectra represents the methyl of the ester group (C19). Peaks at 130.1 ppm and
129.9 ppm represent the olefinic carbons (C9, C10), which are reduced in size in the
spectrum for EMO. A peak at 174.4 ppm corresponds to the carbonyl carbon in both MO
and EMO (C1). The 13C NMR spectrum for EMO contains two new peaks at 57.3 ppm and
57.4 ppm, which corresponds to the formation of the epoxide (C9, C10).
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Figure 2.2. 13C NMR spectra of MO (top, blue) and EMO (bottom, black) in CDCl3.

Representative 1H and 13C NMR spectra are given for OA and EOA in Figure 2.3
and Figure 2.4. The 1H NMR spectrum for OA, Figure 2.3, contains a triplet centered at
0.88 ppm, representing the terminal methyl protons (H18). A complex set of peaks from
1.27 to 1.34 ppm corresponds to the methylene protons in the carbon chain, with the carbon
β to the carbonyl group represented by a triplet at 2.35 ppm (H2), and the carbon γ to the
carbonyl group represented by a peak at 1.64 ppm (H3). The allylic protons are represented
by a peak at 2.00 ppm in the spectrum for OA, which moves to 1.50 ppm in the spectrum
for EOA. A peak at 5.34 ppm represents the olefinic protons (H9, H10). The 1H NMR
spectrum for EOA shows a new broad peak at 2.91 ppm, which corresponds to the
formation of the epoxide (H9, H10).
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Figure 2.3. 1H NMR spectra of OA (top, blue) and EOA (bottom, black) in CDCl3.

The

13

C NMR spectrum for OA, Figure 2.4, contains a peak at 14.2 ppm,

corresponding to the terminal methyl of the carbon chain (C18). Peaks from 22.8 to 34.1
ppm represent the methylene carbons in the carbon chain (C2-C8, C11-C17). Peaks at 129.8
ppm and 130.1 ppm represent the olefinic carbons (C9, C10), which are reduced in size in
the 13C NMR spectrum for EOA. A peak at 180.0 ppm represents the carbonyl carbon in
both OA and EOA (C1). In the 13C NMR spectrum for EOA, new peaks appear at 57.4 ppm
and 57.5 ppm, corresponding to the formation of the epoxide (C9, C10).
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Figure 2.4. 13C NMR spectra of OA (top, blue) and EOA (bottom, black) in CDCl3.

In 1993, Aursand et al. extracted lipids from Atlantic salmon white muscle and
performed an extensive NMR study on the lipids.15 Their assignment of peaks is consistent
spectroscopically for both 1H and 13C NMR spectra of the waste-derived FO and TFO used
in this work. EFO synthesized in this work is similar to the vegetable oil-based epoxides,
and their spectroscopic characterization using both 1H and

13

C NMR data are consistent

with those reported in the literature.12,16 Representative 1H and 13C NMR spectra are given
for both FO and EFO in Figure 2.5 and Figure 2.7. The 1H NMR spectrum for FO, Figure
2.5, contains a triplet at 0.87 ppm that corresponds to the terminal methyl group for all fatty
acids except ω-3 fatty acids, which appear at 0.97 ppm. Peaks from 1.24 to 1.32 ppm
correspond to protons of the methylene groups. A peak at 1.61 ppm represents the protons
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on the carbon β to the carbonyl group for all fatty acids except DHA. The peak centered on
2.02 ppm corresponds to the protons on the allylic carbons. Peaks from 2.28 to 2.31 ppm
correspond to the protons on the carbon β to the carbonyl group for all fatty acids except
for DHA, which appears as a small peak at 2.38 ppm. Peaks around 2.80 ppm correspond
to protons on allylic carbons between two double bonds, which shifts upfield after
epoxidation. Peaks from 4.11 to 4.30 ppm and 5.25 ppm represent the protons in the
glycerol chain of the triglyceride, on the methylene and methine carbons, respectively. The
peaks around 5.32 ppm correspond to the olefinic protons. The 1H NMR spectrum for EFO
shows new peaks from 2.80 to 3.19 ppm, which corresponds to the formation of the
epoxide.

Figure 2.5. 1H NMR spectra of waste-derived FO (top, blue) and EFO (bottom, black).
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In an 18 h reaction using the H2SO4 catalyzed epoxidation of FO, the FO was overoxidized, and a new peak appeared in the 1H NMR spectrum (Figure 2.6) at 3.39 ppm. This
corresponds to the formation of an undesired polyol from the epoxide.17 This was also
confirmed by infrared (IR) spectroscopy.

Figure 2.6. 1H NMR spectrum of over-oxidized EFO sample with polyol formation.

The

13

C NMR spectrum for FO, Figure 2.7, contains a peak at 14.2 ppm, which

corresponds to the terminal methyl of the fatty acid carbon chain. Peaks from 22.7 to 34.2
ppm represent the methylene carbons of the carbon chain. The peaks at 62.2 ppm and 69.0
ppm represent the carbons in the glycerol of the triglyceride, the methylene and methine
carbons, respectively. Peaks from 128.0 to 132.2 ppm represent the olefinic carbons in the
fatty acid. Peaks which occur between 172.9 ppm and 173.4 ppm correspond to the
carbonyl carbons of different fatty acids present in the FO. In the 13C NMR spectrum for
EFO, the same peaks appear, with new peaks around 57.3 ppm that correspond to the
formation of the epoxide groups.
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Figure 2.7. 13C NMR spectra of waste-derived FO (top, blue) and EFO (bottom, black) in
CDCl3.

TFO used in this work, which contains only EPA and DHA, is spectroscopically
similar in terms of 1H and 13C NMR data with the waste-derived FO used. The 1H NMR
spectrum for TFO, Figure 2.8, contains triplets at 0.86 and 0.97 ppm that correspond to the
terminal methyl group of the fatty acid carbon chains for EPA and DHA, respectively.
Peaks from 1.24 to 1.27 ppm correspond to protons of the methylene carbons of the fatty
acid carbon chain. A peak at 1.77 ppm represents the protons on the carbon β to the carbonyl
group. The peak centered on 2.05 ppm corresponds to the protons on the allylic carbons. A
peak at 2.29 ppm corresponds to the protons on the carbon β to the carbonyl group for all
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fatty acids except for DHA, which appears as a small peak at 2.38 ppm. Peaks around 2.82
ppm correspond to protons on allylic carbons between two double bonds, which shifts
upfield after epoxidation. Peaks from 4.11 to 4.29 ppm and 5.24 ppm represent the protons
in the glycerol chain of the triglyceride, on the methylene and methine carbons,
respectively. The peaks around 5.36 ppm corresponds to the olefinic protons. The 1H NMR
spectrum for ETFO shows new peaks from 2.79 to 3.18 ppm, which corresponds to the
formation of the epoxide. The conversion of double bonds to the corresponding epoxide
was determined for both EFO and ETFO from the ratio of the epoxide protons, to the sum
of the epoxide protons plus the remaining olefinic protons.

Figure 2.8. 1H NMR spectra of TFO (top, blue) and ETFO (bottom, black).
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The 13C NMR spectrum for TFO, Figure 2.9, contains a peak at 14.2 ppm, which
corresponds to the terminal methyl of the fatty acid carbon chain. Peaks from 20.7 to 34.1
ppm represent the methylene carbons. Peaks at 62.18 and 68.94 ppm represent the carbons
in the glycerol of the triglyceride, the methylene and methine carbons, respectively. Peaks
from 127.1 to 132.1 ppm represent the olefinic carbons in the fatty acid. Peaks from 173.0
to 173.4 ppm correspond to the carbonyl carbons. In the 13C NMR spectrum for ETFO, new
peaks occur at 57.3 and 58.4 ppm that correspond to the formation of the epoxide groups.

Figure 2.9. 13C NMR spectra of TFO (top, blue) and ETFO (bottom, black).

52

2.2.2.2 Gas Chromatography-Mass Spectrometry
MO and EMO were analyzed by gas chromatography-mass spectrometry (GC-MS)
to determine the conversion of double bonds to the epoxide and act as a confirmatory
technique to complement the analysis performed using NMR data. For each GC run, the
sample was dissolved in heptane with hexadecane as an internal standard (IS). The oven
temperature was 150 °C and was increased to 300 °C at a rate of 10 °C min-1. Helium was
used as the carrier gas, set to a flow of 1 mL min-1 and experiments were performed in splitmode. Stock standard solutions of 10 mg mL-1 of MO and hexadecane were prepared and
used to make a series of standards for the preparation of a calibration curve. The
concentration of hexadecane was kept constant, while the amount of MO varied from 5%
(v/v) to 40% (v/v). The ratio of the area of the MO peak to the IS peak was plotted against
the concentration of MO in each standard to give a calibration curve, Figure 2.10. After
epoxidation of MO using the acid catalyzed reaction with H2O2, 5 µL of the sample and
600 µL of hexadecane were made up to a 1 mL sample, and analyzed by GC-MS.

Area Ratio (MO/IS)

0.80
0.60
0.40
0.20

y = 1.99E-01x - 1.41E-02
R² = 9.97E-01

0.00
0.0

1.0
2.0
3.0
4.0
Concentration Methyl Oleate (mg/mL)

Figure 2.10. Calibration curve for determination of MO concentration by GC-MS.
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Table 2.5. Conversion of MO to EMO from GC-MS calibration curve.

Run

Concentration
Methyl Oleate
(mg/mL)

Area Ratio
(MO/IS)

MO
(%)

Conversion
(%)

1
2
3

160
135
151

6.234E-01
3.881E-01
4.383E-01

18.3
15.4
17.3

81.7
84.6
82.7

Average
Conversion
(%)

Standard
Deviation (%)

83.0

1.5

A representative total ion chromatogram for an EMO sample is shown in Figure
2.11. It shows three main peaks, one at 4.8 min due to the IS, one at 9.8 min that represents
MO, and one at 11.5 min which represents EMO. Representative mass spectra found for
the MO and EMO peaks are given in Figure 2.12 and Figure 2.13. Figure 2.12 shows a
molecular ion with a mass to charge ratio of 296.3, which correlates well with the molar
mass of MO at 296.27 g mol-1. Figure 2.13 shows the molecular ion with a mass to charge
ratio of 312.3, confirming the formation of EMO, which has a molar mass of 312.27 g mol1

. Using the calibration curve, the concentration of MO remaining in the epoxidized sample

could be determined, which could then be related to the percent conversion to the epoxide.
The sample was run in triplicate, giving a conversion of 83.0 ± 1.5%. This agreed well with
the conversion of 79% as determined from the 1H NMR spectrum of the same sample.
Therefore, 1H NMR spectroscopy, as it is quicker and requires less preparation, was used
to determine conversion for all samples in this thesis.
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Abundance

2.0E+07
1.5E+07
1.0E+07
5.0E+06
0.0E+00
Time (min)

Figure 2.11. Total ion chromatogram of EMO sample with hexadecane internal standard.

Figure 2.12. Mass spectrum for peak at 9.8 min, MO.
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Figure 2.13. Mass spectrum for peak at 11.5 min, EMO.

2.2.2.3 Infrared Spectroscopy and Thermogravimetric Analysis
IR spectroscopy was performed on the starting FO and TFO as well as their
corresponding epoxides. Their spectroscopic characterization is consistent with literature
reports for vegetable oil epoxides.11,18 Representative spectra for FO and EFO are shown
in Figure 2.14. The spectrum for FO showed a characteristic band at 3009 cm-1 from the
double bonds, which did not appear in the spectrum for EFO. The spectrum for EFO
showed a characteristic band at 825 cm-1 from the epoxide group, that was not present in
the FO spectrum. Bands at 1743 cm-1 and 1158 cm-1, due to the ester group and bands at
1462 cm-1 and 1377 cm-1, due to the methyl groups, were present in both spectra.
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Transmittance

3009 cm-1

825 cm-1

Wavenumber (cm-1)

Figure 2.14. Infrared spectra of FO (black, top) and EFO (gray, bottom).

Representative spectra for TFO and ETFO are shown in Figure 2.15. The spectrum
for TFO showed a characteristic band at 3012 cm -1 from the double bonds, which did not
appear in the spectrum for ETFO. Bands at 1741 cm-1 and 1157 cm-1, due to the ester group
and bands at 1458 cm-1 and 1377 cm-1, due to the methyl groups, were present in both
spectra. The spectrum for ETFO showed a characteristic band at 827 cm-1 from the epoxide
group, that was not present in the FO spectrum.
Through the acid catalyzed epoxidation of TFO with H2O2, a clear yellow oil was
obtained after 18 h, which showed no conversion to the epoxide by 1H NMR spectroscopy.
IR spectroscopy was performed on this sample, giving the dashed spectrum in Figure 2.15.
This spectrum contains bands due to methyl groups at 1459 cm-1 and 1377 cm-1, as well
bands due to the ester group at 1742 cm-1 and 1157 cm-1, identical to those seen in the
spectrum for TFO. The spectrum does not contain the desired band at 827 cm-1, indicating
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that no epoxide has formed, and instead contains a broad band around 3403 cm-1. This
broad band suggests that under the longer reaction time, the epoxide was converted to a
diol.

Transmittance

3012 cm-1

827 cm-1
3403 cm-1

Wavenumber (cm-1)

Figure 2.15. Infrared spectra of TFO (black, top), ETFO (gray, middle), over oxidized
ETFO (dashed line, bottom).

EFO samples were analyzed by thermogravimetric analysis (TGA). Samples were
heated from 20 °C to 800 °C at a heating rate of 10 °C/min, under a constant flow of
nitrogen (50 mL/min). Figure 2.16 shows a representative thermogram for EFO, with
degradation of the epoxide beginning around 200 °C and the main degradation occurring
above 330 °C.
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1.8
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5

0.2

0
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20

-0.2
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Figure 2.16. TGA plot of EFO, showing weight of sample (dashed line) and derivative
weight change (continuous line) with heating.

2.2.3 Life Cycle Assessment of Epoxidation Methods
Using nine metrics, the different epoxidation methods were compared in a gate-togate LCA. These metrics were acidification potential (AP), ozone depletion potential (OD),
smog formation potential (SF), global warming potential (GW), human toxicity by
ingestion (INGTP) and inhalation (INHTP) potentials, persistence (PER), bioaccumulation
(BIOACC), and abiotic resource depletion potential (ADP). For some of these metrics the
concentration of each chemical in the soil, air, water, and sediment upon release to the
environment is needed. To determine these concentrations a multimedia compartmental
model was used. For this, the Henry’s Law constant, octanol-water partition coefficient
(KOW), and soil sorption coefficient (KOC), are required. The data for these calculations
were sourced from the NIST Chemistry WebBook and safety data sheets. Values for K OC
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were approximated by using Equation 1. Values for ADP, GWP, and SFP were found in
the literature.19 In order to determine the persistence of a chemical, the Boethling Index
was used and equation parameters were taken from the literature.20 LC50 values used for
the calculations were in units of g m-3 for rats with an exposure of 4 h. Values for 1 h were
used if 4 h values were not available. LD50 values that were unavailable were estimated
using the EPA Toxicity Estimation Software Tool, Version 4.2.1.21
KOC = 0.41KOW

(1)

For the determination of carbon dioxide (CO2) produced from energy consumption,
a heat capacity of 1.82 ± 0.37 J g-1 K-1 was used for the FO in solvent-free reactions.22 FO
is used in all reactions, so both FO and EFO are not included in the potential and impact
tables. Individual indices for the chemicals used in each route are included in Table 2.7 to
Table 2.10, with the summary for each route shown in Table 2.6.
The first route, which uses m-CPBA, forms 3-chlorobenzoic acid (m-CBA) as a byproduct of the reaction and so is included in the LCA table. This route has the highest
ingestion potential due to the different salts used for washing solutions. The inhalation
index for this route is the lowest, but no LC50 value, which is used to calculate the inhalation
index, was found for m-CPBA. The inhalation of the fine particles can pose a serious health
hazard, making the inhalation index not a representative depiction of the hazard. This route
also uses a significant amount of CH2Cl2, making the smog formation and global warming
indices the highest of all the routes assessed. CH2Cl2 is also an ozone depleting chemical
that is not controlled by the Montreal Protocol, and is thought to have a negative impact on
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the recovery of the ozone layer.23 The calculated E-factor for this route is the highest, at
131.0.
All other routes use H2O2 and appear to be greener than the m-CPBA route based
on the chosen metrics. The E-factors for the second route, using CH3COOH, and third
route, using HCOOH and ChCl-OxA, are also much lower at 26.38 and 25.22, respectively.
The acidification potential is the highest for the second route due to the use of H2SO4. These
routes have high inhalation and ingestion indices due to the use of H2O2. One impactful
issue that is not accounted for in the gate-to-gate LCA, is the industrial synthesis of H2O2.
This is a very energy intensive process that uses large amounts of solvent. 24 If the H2O2
required for the synthesis could be obtained in a more sustainable way, such as being
generated in situ in tandem oxidation reactions25,26 it would make these routes much more
viable as truly green reactions for the epoxidation of alkenes. The HCOOH and ChCl-OxA
route removes the use of H2SO4, a highly corrosive acid, and the bioaccumulation index is
the lower as heptane is not used.
The fourth and final route, which also uses H2O2, removes the use of the DES
catalyst, as it did not significantly improve the conversion of the FO to the desired epoxide.
This reaction could be performed under otherwise identical conditions and optimized using
DMC as the solvent used in purification of the product. The use of DMC over CH2Cl2 helps
improve the environmental impact of the synthesis as CH2Cl2 is highly toxic and
contributes to ozone depletion.23 DMC is considered to be an environmentally friendly
chemical that can be synthesized through many different chemical routes. A promising
route for synthesizing DMC is a vapour-phase methyl nitrile carbonylation that has a low
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cost, high efficiency, and is considered to be environmentally friendly.27 An LCA was
performed in 2016 by Garcia-Herrero et al. on six different routes to the formation of DMC,
and showed that an electrochemical process could well exceed commercial processes with
future development.28 In 2019, DMC was shown to be synthesized using an
electrochemically generated copper carbonyl catalyst that subsequently was used to form
DMC.29 The formation of DMC occurred slowly over 30 to 40 days, but is an example of
an environmentally friendly synthesis of DMC. By using DMC and removing ChCl-OxA,
many of the metrics in the LCA are improved on, making it the reaction with the greatest
potential to be a green process.

Table 2.6. LCA comparison of epoxidation routes.

Route

IA

IOD

ISF

IGW

IINHT

IINGT

PER

BIOACC
(log Kow)

IAD

1

0

0.5

0.3

800

24

9.4E5

weeks

2.2

4.4E-1

2

20

0.1

0.1

192

2,500

9,200

weeks

4.7

2.8E-3

3

0

0.6

0.04

133

3,900

12,000 weeks

1.25

3.1E-3

4

0

0

0.2

54

4,120

12,000 weeks

0.35

3.2E-3

Route 1: m-CPBA epoxidation, route 2: H2O2/H2SO4 epoxidation, route 3: ChCl-OxA epoxidation, route 4:
formic acid epoxidation.
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Table 2.7. LCA indices for route 1, m-CPBA epoxidation.
Chemical

IA

IOD

ISF

IGW

IINHT

IINGT

PER

BIOACC
(log Kow)

IAD

CO2
CH2Cl2
m-CPBA
m-CBA
Na2SO3
NaHCO3
NaCl
MgSO4

0
0
0
0
0
0
0
0

0
0.5
0
0
0
0
0
0

0
0.3
0
0
0
0
0
0

500
300
0
0
0
0
0
0

0
24
?
?
0
0
0
0

0
0.03
52
240
2.4E5
2.5E5
4.5E5
?

n/a
weeks
weeks
weeks
n/a
n/a
n/a
n/a

n/a
1.25
1.68
2.15
-4.00
-4.01
-3.00
n/a

6.9E-4
3.7E-6
9.2E-6
4.4E-1
1.0E-4
3.1E-3

Table 2.8. LCA indices for route 2, H2O2/H2SO4 epoxidation.
Chemical

IA

IOD

ISF

IGW

IINHT

IINGT

PER

BIOACC
(log Kow)

IAD

CO2
H2O2
Acetic
Acid
H2SO4
Heptane
MgSO4
CH2Cl2

0
0

0
0

0
0

122
0

0
2500

0
7900

n/a
weeks

n/a
-1.50

-

0

0

0

0

0

1

weeks

-0.2

-

20
0
0
0

0
0
0
0.1

0
0
0
0.1

0
0
0
70

0
0
0
5

1300
0
?
0

n/a
weeks
n/a
weeks

n/a
4.7
n/a
1.25

2.8E-3
1.6E-4

PER

BIOACC
(log Kow)

IAD

n/a
-1.50
n/a
-1.70

4.4E-7
-

Table 2.9. LCA indices for route 3, ChCl-OxA epoxidation.
Chemical

IA

IOD

ISF

IGW

IINHT

IINGT

CO2
H2O2
ChCl
OxA
Formic
Acid
CH2Cl2
MgSO4

0
0
0
0

0
0
0
0

0
0
0
0

94
0
0
0

0
3900
0
0

0
n/a
12000 weeks
2
n/a
16
weeks

0

0

0

0

0

9

weeks

-0.54

-

0
0

0.6
0

0.04
0

39
0

3
0

0.004
?

weeks
n/a

1.25
n/a

8.8E-5
3.1E-3
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Table 2.10. LCA indices for route 4, formic acid epoxidation.
BIOACC
(log Kow)

IAD

n/a
-1.50

-

weeks

-0.54

-

n/a
weeks

n/a
0.35

3.2E-3
-

Chemical

IA

IOD

ISF

IGW

IINHT

IINGT

PER

CO2
H2O2
Formic
Acid
MgSO4
DMC

0
0

0
0

0
0

36
0

0
4000

0
n/a
12000 weeks

0

0

0

0

0

9

0
0

0
0

0
0.2

0
19

0
120

?
18

2.3 Conclusions
FO-based epoxides derived from capelin oil have been previously reported,4 but
consideration was not given to the overall greenness of the process. The FO used in this
thesis was epoxidized in high conversions using multiple methods. Using m-CPBA for the
epoxidation of the waste-derived FO gave complete conversion to the desired epoxide, but
uses large amounts of toxic solvents, and through the LCA performed, was found to be the
least green method of those studied. To improve on the greenness of the epoxidation
reaction H2O2 and CH3COOH were used, with H2SO4 as the catalyst. Using this method,
MO and OA were epoxidized in an 86% and 85% conversion, respectively. For the FO, an
undesired polyol was formed at long reaction times (18 h) but reducing the reaction time to
12 h reduced polyol formation to 5% and conversion to the desired epoxide was 89%. Using
the H2SO4 oxidation method for 15.25 h, a conversion of 65% was achieved for the TFO.
This demonstrates that a relatively impure raw material (FO) can be converted potentially
in higher yields than the purer TFO.
To further improve on the environmental impact of the epoxidation method used, a
reaction using H2O2 and HCOOH was used, which through the LCA, was found to be the
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greenest method of those used in this thesis. Using this method, FO and TFO could be
epoxidized with high conversions of 94% and 84%, respectively. The use of CH2Cl2 could
also be replaced by using DMC as the solvent, allowing for additional improvement on the
environmental friendliness of the reaction. Using this green method, the desired epoxides
were formed, which could be used for the formation of cyclic carbonates in Chapter 3.

2.4 Experimental
2.4.1 Materials
A modified fishmeal process was used to extract the fish oil used in this work from
farmed Atlantic salmon (Salmo salar Linnaeus) offcuts as previously reported.5 MO (70%),
and m-CPBA ( 77%) were purchased from Sigma-Aldrich. OA dihydrate was purchased
from A & C American Chemicals Ltd. ChCl (98%) was purchased from Alfa Aesar.
CH2Cl2, glacial CH3COOH and H2SO4 (all ACS grade) were purchased from Fisher
Scientific. HCOOH was purchased from Fluka Analytical. H2O2 (30% w/w) was purchased
from ACP chemicals. All reagents were used without further purification.
TFO was purchased from Jamieson Vitamins, containing triglycerides of EPA and
DHA. The oil from the tablets was removed by cutting open the gelatin package and
squeezing the oil into the reaction vessel. Similarly, the oil could be removed from the
tablets by dissolving the gelatin tablets in hot water. Once dissolved, the oil can be
separated from the water, collected, and dried.
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2.4.2 Instrumentation
NMR spectra were recorded at 298 K on a Bruker Avance III 300 or Avance 500
MHz spectrometer in chloroform-d (CDCl3). Chemical shifts, in ppm, for 1H and 13C NMR
were referenced to the solvent signals or tetramethylsilane internal standard. GC-MS
analyses were performed using an Agilent Technologies 7890 GC system equipped with a
HP5-MS column coupled to an Agilent Technologies 5975C mass selective detector. IR
spectra were recorded on a Bruker Alpha IR spectrophotometer using a platinum diamond
ATR module, 36 scans at 4 cm-1 resolution in the spectral range of 400-4000 cm-1. The
thermal stability of samples was determined by TGA on a Q500 TGA from TA Instruments,
heating from 20 to 800 °C at a heating rate of 20 °C min-1. TGA analyses were performed
under a constant flow of nitrogen gas (50 mL min-1). Rheology measurements for the
determination of the viscosity of the FO and EFO were measured on an Anton Parr Physica
MCR 301. The measuring cone used was a D 50 mm, with an angle of 1° and gap of 0.100
mm. Water was analyzed for reference. Runs were performed in triplicate at 25.00 °C on 1
mL of sample. The viscosity was taken as the average of the slopes of the three shear stress
versus shear rate plots (A1-A3).

2.4.3 General Procedure for Oxidation by 3-Chloroperoxybenzoic acid
Epoxidized Methyl Oleate
Prepared following a previously reported method,7 with modification of the
purification procedure. Methyl oleate (1.43 g, 3.4 mmol) was dissolved in 40 mL of CH2Cl2
in a round bottom flask equipped with a septum and needle, with stirring at 0 °C. 3-
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Chloroperoxybenzoic acid (m-CPBA, 0.93 g, 4.1 mmol) was slowly added and left to stir
at 25 °C for 11 h. The reaction mixture was cooled to 0 °C and filtered. The resulting
solution was washed with 1 M Na2SO3 solution (3  20 mL), a saturated solution of
NaHCO3 (3  20 mL), and a 3 wt% solution of NaCl (15 mL). The organic phase was dried
over anhydrous MgSO4, filtered, and the solvent removed under reduced pressure to give a
clear, colourless oil (1.37 g).
Epoxidized Fish Oil
Prepared following a previously reported method,7 with modification to the
purification procedure and equivalents of reagents. In a typical reaction, waste-derived fish
oil (1.50 g) was dissolved in 40 mL of CH2Cl2 in a round bottom flask equipped with a
septum and a needle, cooled to 0 °C and stirred. m-CPBA (1.99 g, 8.9 mmol) was slowly
added and the mixture was left to stir at 25 °C for 12 h. The mixture was cooled to 0 °C
and filtered. The resulting solution was washed with 1 M Na2SO3 solution (3  20 mL), a
saturated solution of NaHCO3 (3  20 mL), and a saturated solution of NaCl (15 mL). The
organic phase was dried over anhydrous MgSO4, filtered, and the solvent removed under
reduced pressure to give a clear, colourless oil (1.56 g).

2.4.4 General Procedure for Oxidation Catalyzed by Sulfuric Acid
Epoxidized Methyl Oleate
Prepared following a previously reported method,9 with modification of the solvent
used. Methyl oleate (7.78 g) and CH3COOH (0.46 g, 7.7 mmol) were dissolved in heptane
(1.43 g) and heated in an oil bath to 60 °C. An acidified hydrogen peroxide solution (3.13
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g, 28 mmol H2O2, 30% wt/wt; 0.047 g conc. H2SO4) was added dropwise to the reaction
over 1 h. Upon complete addition, the reaction was stirred for 18 h at 60 °C. The reaction
mixture was cooled to 0 °C and washed with deionized water (3  10 mL). Combined
aqueous phase was extracted with 5 mL of heptane. Combined organic phase was dried
over anhydrous MgSO4 and the solvent removed under reduced pressure to give a clear,
colourless oil (6.44 g).
Epoxidized Oleic Acid
Prepared following a previously reported method,9 with modification of the solvent
used. Oleic acid (5.77 g) and CH3COOH (0.46 g, 7.7 mmol) were dissolved in heptane
(1.45 g) and heated in an oil bath to 60 °C. An acidified hydrogen peroxide solution (3.24
g, 29 mmol H2O2, 30% wt/wt; 0.048 g conc. H2SO4) was added dropwise to the reaction
over 1 h. Upon complete addition, the reaction was stirred for 18 h at 60 °C. The orange
reaction mixture was cooled to 0 °C and washed with deionized water (3  10 mL). The
combined aqueous phase was extracted with 5 mL CH2Cl2. The combined organic phase
was dried over anhydrous MgSO4 and the solvent removed under reduced pressure to give
a clear, colourless oil (5.52 g).
Epoxidized Fish Oil
Prepared following a previously reported method,9 with modification of the reaction
time, solvent, and equivalents of reagents. Waste-derived fish oil (3.00 g) and CH3COOH
(0.45 g, 7.6 mmol) was dissolved in heptane (0.65 g) and heated in an oil bath to the reaction
temperature. An acidified hydrogen peroxide solution (2.60 g, 23 mmol H2O2, 30% wt/wt;
0.026 g conc. H2SO4) was added dropwise to the reaction over 1 h. Upon complete addition,
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the reaction was stirred for 12 h at the desired temperature. The reaction mixture was cooled
to 0 °C, dissolved in 5 mL CH2Cl2, and washed with deionized water (3  10 mL). The
organic phase was dried over anhydrous MgSO4 and the solvent removed under reduced
pressure to give a clear, colourless oil (1.66 g).
Epoxidized Tablet Fish Oil
Prepared by a previously reported method,9 with modification of the reaction time,
solvent, and equivalents of reagents. Tablet fish oil (3.23 g) and CH3COOH (0.66 g, 11.07
mmol) was dissolved in heptane (0.68 g) and heated in an oil bath to 60 °C. An acidified
hydrogen peroxide solution (3.37 g, 30 mmol H2O2, 30% wt/wt; 0.024 g conc. H2SO4) was
added dropwise to the reaction over 1 h. Upon complete addition, the reaction was stirred
for the indicated time at 60 °C. The light orange reaction mixture was cooled to 0 °C,
dissolved in 5 mL CH2Cl2, and washed with deionized water (3  10 mL). The organic
phase was dried over anhydrous MgSO4 and the solvent removed under reduced pressure
to give a clear, orange or yellow oil (2.04 g).

2.4.5 General Procedure for Oxidation Catalyzed by Formic Acid
Epoxidized Methyl Oleate
Methyl oleate (2.01 g), and HCOOH (0.17 g, 3.62 mmol), were heated to 40 °C.
For experiments using a deep eutectic mixture of choline chloride and oxalic acid (1:1
molar ratio, 0.056 g), it was also added before heating to 40 °C. Hydrogen peroxide (0.92
g, 8.1 mmol, 30% wt/wt) was added dropwise over 1 h then heated to 50 °C and stirred for
8 h. Once complete, the reaction was cooled to 0 °C, the organic phase was washed with
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deionized water (3  10 mL), and dried over anhydrous MgSO4 to give a clear, colourless
oil (0.41 g).
Epoxidized Oleic Acid
Oleic acid (2.55 g), and HCOOH (0.27 g, 5.90 mmol), were heated to 40 °C.
Hydrogen peroxide (1.53 g, 13.5 mmol, 30% wt/wt) was added dropwise over 1 h then
heated to 50 °C and stirred for 5 h. Once complete, the reaction was cooled to 0 °C,
dissolved in CH2Cl2, and the organic phase was washed with deionized water (3  10 mL),
and dried over anhydrous MgSO4 to give a light pink, opaque oily solid (1.74 g).
Epoxidized Fish Oil
Waste-derived fish oil (2.00 g) and HCOOH (0.36 g, 7.79 mmol) were heated to 40
°C. For experiments using a deep eutectic mixture of choline chloride and oxalic acid (1:1
molar ratio, 0.10 g), it was also added before heating to 40 °C. Hydrogen peroxide (1.96 g,
17 mmol, 30% wt/wt) was added dropwise over 1 h then heated to 50 °C and stirred for 5
h. The reaction was cooled to 0 °C and dissolved in 5 mL CH2Cl2, or 8 mL DMC. The
organic phase was washed with deionized water (3  10 mL), and the aqueous phase
extracted with 10 mL DMC when used as the solvent, dried over anhydrous MgSO4, and
the solvent removed under reduced pressure to give a clear, colourless oil (1.54 g).
Epoxidized Tablet Fish Oil
Tablet fish oil (1.90 g) and HCOOH (0.53 g, 11.42 mmol) were heated to 40 °C.
For experiments using a deep eutectic mixture of choline chloride and oxalic acid (1:1
molar ratio, 0.12 g), it was also added before heating to 40 °C. Hydrogen peroxide (1.84 g,
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16 mmol, 30% wt/wt) was added dropwise over 1 h then heated to 50 °C and stirred for 58 h. The reaction was cooled to 0 °C and dissolved in 5 mL of CH2Cl2. The organic phase
was washed with deionized water (3  10 mL), and the combined aqueous phase extracted
with 6 mL CH2Cl2. The combined organic phase was dried over anhydrous MgSO4, and
the solvent removed under reduced pressure to give a clear, orange oil (1.95 g).
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Chapter 3: Coupling of Epoxidized Fish Oil with Carbon Dioxide
3.1 Introduction
The chemical fixation of carbon dioxide (CO2) is an attractive area of research as
CO2 is an inexpensive, non-toxic, non-depleting and renewable resource.1–3 Using CO2 as
a feedstock for reactions is also highly attractive as it utilizes the main chemical product of
fossil fuel burning. While many reactions involve using CO2 as a starting material,
including the production of urea, methanol, salicylic acid, as well and organic and inorganic
carbonates, the amount of CO2 consumed by these reactions is a very small fraction of the
CO2 generated by human activity today.1 Furthermore, the capture and utilization of CO2
requires a considerable amount of energy, as it is the lowest in energy of all carboncontaining binary neutral species.4 The energy needed to capture CO2 leads to further
emissions of CO2 and other greenhouses gases, making the environmental benefit of CO2
utilization difficult to define. Therefore, the goal for making cyclic carbonates is not to
greatly reduce the amount of CO2 in the atmosphere, but to access more environmentally
friendly routes to products that would otherwise be produced using petroleum-derived or
toxic reagents. The first reactions to produce cyclic carbonates used diols and phosgene.5,6
Phosgene is toxic and has a large environmental impact. Therefore, using CO2 and biomassderived epoxides to form organic cyclic carbonates could greatly decrease the
environmental impact of their production.
Cyclic carbonates derived from soybean oil-derived epoxides were first reported in
2004 by Tamami et al., which were further used to make non-isocyanate polyurethanes
(NIPU).7 The reaction could be performed on a large scale, using 5 mol% (with respect to
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the epoxy groups) of tetrabutylammonium bromide (TBAB) as the catalyst and achieved a
94% yield of carbonated soybean oil (CSBO). The reaction was performed at 110 °C at
atmospheric pressure with a flow of CO2, and was complete after 70 h.
As was demonstrated in Chapter 2, FO-based epoxides can be synthesized with high
conversions and are spectroscopically similar to those of epoxides derived from soybean
oil. Several catalysts were used in this thesis, with the reaction conditions optimized for
both the model substrates, epoxidized methyl oleate (EMO) and epoxidized oleic acid
(EOA) (Scheme 3.1), as well as the two FO substrates, epoxidized fish oil (EFO) and
epoxidized tablet fish oil (ETFO) (Scheme 3.2). The optimization and catalyst screening
will be outlined and discussed in Section 3.2.

Scheme 3.1. Schematic for the conversion of EMO (R = Me) and EOA (R = H) to their
respective cyclic carbonates.
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Scheme 3.2. Schematic for the conversion of EFO triglycerides to organic cyclic
carbonates.

3.2 Results and Discussion
3.2.1 Catalyst Screening and Parameter Optimization
The formation of cyclic carbonates from the epoxidized oils was performed using
several catalysts with CO2 in a pressure vessel. The epoxide, catalyst, and co-catalyst were
added to a pressure vessel, the vessel was sealed, and the mixtures stirred by a magnetic
stirrer. The vessel was then pressurized to 10 bar with CO2 and heated to the desired
reaction temperature. Once the reaction was complete, the vessel was cooled to room
temperature, the pressure was slowly released, and the carbonated oil collected. When
biochar was used as a catalyst, the carbonated product was dissolved in CH2Cl2, filtered
through a glass frit, and the solvent removed to give the carbonated product. In all other

79

cases, the carbonated product was not further purified. This gave high conversions of the
epoxide to the desired cyclic carbonate, as determined by 1H nuclear magnetic resonance
(NMR) spectroscopy.
Summarized reaction conditions for the formation of carbonated fish oil (CFO)
from EMO are presented in Table 3.1. Reactions with EMO were ran for 24 h at 110 °C at
a pressure of 10 bar CO2. When bis(triphenylphosphine)iminium chloride (PPNCl) was
used, reaction conditions were changed to 100 °C and 20 bar CO2. Entry 1 was performed
using a two-component catalyst system of oxidized biochar,8 a material produced from the
pyrolysis of biomass under a limited supply of oxygen,9 with TBAB. The biochar activates
the epoxide through hydrogen bonding with hydroxyl groups on the surface of the biochar,
allowing for nucleophilic attack by the chloride from TBAB. Using 5 wt.% of biochar and
5.9 mol% of TBAB gave almost complete conversion to the desired cyclic carbonate, as
determined from the 1H NMR spectrum (Figure 3.2) and confirmed by the

13

C NMR

spectrum (Figure 3.3). In entry 2, an iron(III) amino-bis(phenolate) complex FeCl(O2N2)
was used, shown in Figure 3.1, along with TBAB. Using 1.2 mol% of FeCl(O2N2) and 5.0
mol% of TBAB, almost complete conversion was also achieved. This reaction proceeds
through the mechanism shown in Scheme 3.3. The Lewis acidic metal center activates the
epoxide group, allowing for nucleophilic attack by the bromide, forming a metal-alkoxide
intermediate. Insertion of the CO2 then occurs, followed by closing of the ring to form the
cyclic carbonate.
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Figure 3.1. Iron(III) amino-bis(phenolate) complex, FeCl(O2N2) used for the coupling of
epoxides and CO2.10

Scheme 3.3. Mechanism for the formation of cyclic carbonates from epoxides, catalyzed
by FeCl(O2N2) and TBAB.11

Changing the second component to PPNCl instead of TBAB reduced the conversion
to only 10%. Triphenylborane (BPh3), which has been previously used in the Kerton group
for the formation of cyclic and polycarbonates,12 was used for the formation of cyclic
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carbonates from EMO. Using 0.7 mol% of BPh3 and 2.9 mol% of PPNCl, a conversion of
61% was achieved.
TBAB is a catalyst commonly used in the literature for the formation of cyclic
carbonates from vegetable oil-based epoxides and CO2,7,13–16 and so a reaction was
performed using TBAB alone. With a catalyst loading of 5 mol%, a high conversion of
86% was achieved. Since the reaction using just TBAB as the catalyst gave high
conversions, it was used for the optimization reactions with EFO. Experiments were
performed using EOA under similar conditions using TBAB and showed no conversion to
the cyclic carbonate by 1H NMR or infrared (IR) spectroscopy, potentially due to the
presence of the free carboxylic acid group (A5, A6).

Table 3.1. Catalytic coupling of EMO and CO2 at 110 C.

1

2

1

2

Pressure
(bar
CO2)

1

Biochar

TBAB

5.0c

5.9

10

99

2

FeCl(O2N2)

TBAB

1.2

5.0

10

99

3d

FeCl(O2N2)

PPNCl

0.7

3.0

20

10

4d

BPh3

PPNCl

0.7

2.9

20

61

5

TBAB

N/A

5.0

0

10

Catalyst System

Mol%a

Entry

a

b

1

Conversion to
Cyclic Carbonate
(%)b

86
c

Relative to moles of epoxide groups. Determined by H NMR spectroscopy. Weight % relative to mass of
oil used. d Performed at 100 °C.

Summarized reaction conditions for the formation of cyclic carbonates from EFO
are presented in Table 3.2. Entry 1, using 6.7 mol% of TBAB, afforded a high conversion
of 92%. Formation of the desired cyclic carbonate was confirmed by IR spectroscopy,
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which is presented in Section 3.2.2.2. The synthesized CFO showed an increase of viscosity
from 0.0962 ± 0.0017 Pa·s for EFO, to 5.19 ± 0.14 Pa·s (A4). Following a method reported
in the literature,17 ascorbic acid was used with TBAB for a two-component catalyst system.
Ascorbic acid, or vitamin C, is a natural compound that is produced industrially from many
sustainable methods, and is renewably sourced,18 making it an ideal catalyst component for
a green reaction. Using 8.7 mol% of TBAB and 8.3 mol% of ascorbic acid increased the
conversion slightly to almost complete conversion (Entry 2). Reducing the amount of
ascorbic acid to 4.1 mol% did not lower the conversion (Entry 3). Entry 4 reduced the
amount of TBAB to 4.1 mol% and saw a drop in the conversion to 79%. Using a similar
loading of TBAB and reducing the loading of ascorbic acid to 2.0 mol% increased the
conversion to 90%, using lower catalyst loadings than in entries 2 and 3. Finally, ascorbic
acid was used at a catalyst loading of 3.0 mol%, with no TBAB, giving no conversion to
the desired cyclic carbonate, indicating that ascorbic acid alone cannot activate the epoxide
for reaction.
Reactions of biomass-derived epoxides and CO2 can be very energy intensive due
to the high temperatures and pressures required to achieve high conversion. In order to
make the reactions as green and environmentally friendly as possible, lower reaction
temperatures were tested to see if the energy required for the reaction could be lowered.
Reactions were therefore performed at 90 °C to reduce the energy used for heating the
reaction. TBAB was used alone at catalyst loadings of 4.2 mol% and 2.3 mol% at this
reduced temperature, giving much lower conversions of 49% and 23%, respectively.
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Reducing the temperature significantly reduced the conversion, so the higher temperature
of 110 °C was maintained for all other reactions.

Table 3.2. Catalytic coupling of EFO and CO2 at 110 C.

1

2

1

2

Conversion to
Cyclic Carbonate
(%)b

1

TBAB

N/A

6.7

0

92

2

TBAB

Ascorbic acid

8.7

8.3

99

3

TBAB

Ascorbic acid

8.7

4.1

99

4

TBAB

Ascorbic acid

4.1

5.4

79

5

TBAB

Ascorbic acid

3.9

2.0

90

6

N/A

Ascorbic acid

0

3.0

-

7

TBAB

N/A

3.3

0

70

8c

TBAB

N/A

4.2

0

49

9c

TBAB

N/A

2.3

0

Mol%a

Catalyst System
Entry

a

b

1

23
c

Relative to moles of epoxide groups. Determined by H NMR spectroscopy. Performed at 90 °C.

Cyclic carbonates were synthesized under similar catalyst loadings using
epoxidized tablet fish oil (ETFO), giving thick brown oils that could not be fully
characterized by 1H NMR spectroscopy to determine conversion. By IR spectroscopy, the
carbonated tablet fish oil (CTFO) was identical spectroscopically to the CFO materials with
almost complete conversion. The spectrum of a representative sample is shown in Figure
3.6 in Section 3.2.2.2.
Similar methods using TBAB for the formation of vegetable oil-derived cyclic
carbonates have been reported.7,13–16 The conditions used in these methods are presented in
Table 3.3 for comparison with the TBAB and ascorbic acid catalyzed reaction with EFO.
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The optimized conditions for the formation of CFO occurs at 110 °C, at a pressure of 10
bar, for 48 h. High temperatures and pressures are very common for the formation of cyclic
carbonates from vegetable oils. In order to reduce the reaction time to 10 h or less, Zheng
et al., Samanta et al., and Doley et al., require 5 to 10 times the pressure of CO2, while still
maintaining a high temperature.14–16 The first cyclic carbonate based on soybean oil was
synthesized by Tamami et al., with the reaction performed at atmospheric pressure with a
constant flow of CO2.7 Due to the low pressure used, the reaction required 70 h to achieve
high conversions to the product.
Bähr and Mülhaupt performed a reaction using epoxidized soybean or linseed oil,
at 140 °C, 10 bar CO2, for over 40 h, with a catalyst loading of 3.5 wt.% TBAB.13 Optimized
conditions in this thesis use 4 mol% TBAB, which corresponds to 2.7 wt.% TBAB, with 2
mol% ascorbic acid. The catalyst loading of TBAB used is lower than that reported in the
literature, while using a lower temperature and the same pressure, for a similar reaction
time, achieving a high conversion to the desired CFO.

85

Table 3.3. Comparison of literature conditions for the formation of bio-based cyclic
carbonates using TBAB.
Reference

Substrate

Tamami et al.,
Soybean oil
2004
Bähr &
Soybean and
Mülhaupt,
linseed oil
2012
Zheng et al.,
Cottonseed oil
2015
Samanta et al.,
Soybean oil
2016
Doley et al.,
Sunflower oil
2018
This Work

Fish Oil

T (°C)

P
(bar CO2)

t
(h)

Catalyst Loading

110

atm

70

TBAB, 5 mol%

140

10

>40

TBAB, 3.5 wt%

130

50

7

TBAB, 3.5 mol%

140

104

6

TBAB, 6 wt%

110

50

10

TBAB, 3.5 mol%

110

10

48

TBAB, 4 mol%
Ascorbic acid 2 mol%

Ascorbic acid was previously reported as a hydrogen-bond donor for the synthesis
of cyclic carbonates from epichlorohydrin using tetrabutylammonium iodide (TBAI) as the
nucleophile, with a catalyst loading of 2 mol% ascorbic acid and 4 mol% of TBAI.17 The
reaction was performed for 23 h at 1 bar CO2 and 40 °C, giving a 94% conversion. Under
similar catalyst loadings of ascorbic acid and TBAB, the FO-based epoxides used in this
work were synthesized in a similar conversion of 90%, under a higher temperature and
pressure, but this is often required for internal epoxides. All subsequent reactions were
therefore performed using 3.9 mol% TBAB and 2.0 mol% ascorbic acid, as it uses lower
catalyst loadings than other catalyst systems studied, while still achieving a high conversion
to the product.
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3.2.2 Characterization of Cyclic Carbonates
3.2.2.1 1H and 13C NMR Data
Cyclic carbonates of the model compound, MO, synthesized in this work have been
previously reported and data obtained for this thesis are consistent with both 1H and

13

C

NMR data reported in the literature.11 Representative 1H and 13C NMR spectra for CMO
are shown in Figure 3.2 and Figure 3.3. The 1H NMR spectrum for CMO, Figure 3.2,
contains identical peaks to that for EMO, with a triplet at 0.87 ppm representing the
terminal methyl group (H18). A complex pattern of peaks appearing from 1.2 to 1.7 ppm
represents the methylene protons within the carbon chain, with the protons on the carbon β
to the carbonyl (H2) represented by a triplet centered at 2.30 ppm. A broad peak at 2.01
ppm represents the allylic protons (H8 and H11) in the molecule. A singlet at 3.66 ppm
represents the hydrogens (H19) from the methyl ester group. The 1H NMR spectrum for
CMO has new peaks appearing at 4.21 ppm and 4.60 ppm, which represents the formation
of the trans- and cis-oriented cyclic carbonates, respectively (H9, H10). The conversion of
the epoxide to the corresponding cyclic carbonate was determined from the ratio of the two
cyclic carbonate peaks to the remaining epoxide peak at 2.89 ppm.
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Figure 3.2. 1H NMR spectra of EMO (top, blue) and CMO (bottom, black).

The

13

C NMR spectrum for CMO, Figure 3.3, contains a peak at 14.2 ppm,

corresponding to the terminal methyl of the carbon chain (C18). Peaks from 22.7 to 34.1
ppm represent the methylene carbons in the carbon chain (C2-C8, C11-C17). The peak at 51.5
ppm corresponds to the methyl of the ester group (C19). New peaks appear at 80.1 ppm and
82.1 ppm, corresponding to the formation of cis- and trans- oriented cyclic carbonates,
respectively (C9, C10). The peaks at 129.8 ppm and 130.1 ppm represent the olefinic protons
(C9, C10) that did not react during the formation of the epoxide previously. A new peak
appears at 154.8 ppm, which corresponds to the carbonyl group of the cyclic carbonate
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(C20), indicating the formation of the cyclic carbonate. The peak at 174.3 ppm corresponds
to the carbonyl carbon present in both EMO and CMO (C1).

Figure 3.3. 13C NMR spectra of EMO (top, blue) and CMO (bottom, black).

Fish oil derived cyclic carbonates synthesized in this work have similar 1H and 13C
NMR spectra to those reported in the literature for vegetable oil-based cyclic
carbonates.11,13 Representative 1H and 13C NMR spectra for CFO are presented in Figure
3.4 and Figure 3.5, respectively. The 1H NMR spectrum for CFO, Figure 3.4, contains a
triplet at 0.88 ppm that corresponds to the terminal methyl group for all fatty acids except
ω-3 fatty acids, which appear at 1.01 ppm. Peaks around 1.25 ppm correspond to protons
of the methylene groups. A peak at 1.61 ppm represents the protons on the carbon β to the
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carbonyl group for all fatty acids except DHA. The peak centered on 2.04 ppm corresponds
to the protons on the allylic carbons. Peaks at 2.31 ppm correspond to the protons on the
carbon β to the carbonyl group for all fatty acids except for DHA. Peaks between 2.90 and
3.20 ppm correspond to unreacted epoxide groups present. A new peak appears at 3.35 ppm
and is due to the presence of TBAB in the crude reaction mixture. Peaks from 4.12 to 4.30
ppm and 5.26 ppm represent the protons in the glycerol chain of the triglyceride, on the
methylene and methine carbons, respectively. The 1H NMR spectrum for CFO shows
several new peaks from 4.49 to 4.92 ppm, which indicate the formation of the cyclic
carbonate.

Figure 3.4. 1H NMR spectra of EFO (top, blue) and CFO (bottom, black).
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The 13C NMR spectrum for CFO, Figure 3.5, contains a peak at 14.1 ppm, which
corresponds to the terminal methyl of the fatty acid carbon chain. Peaks from 19.7 to 34.0
ppm represent the methylene carbons of the carbon chain. Peaks at 57.2 ppm and 58.9 ppm
correspond to the remaining epoxide groups that were unreacted. The peaks at 62.1 ppm
and 68.9 ppm represent the carbons in the glycerol of the triglyceride, the methylene and
methine carbons, respectively. New peaks appear at 80.0 ppm and 82.0 ppm, which
represent the formation of the cyclic carbonates. Another new peak is present at 154.7 ppm
that is indicative of the carbonyl carbon of the cyclic carbonate, confirming the formation
of the desired cyclic carbonate. Peaks which occur between 172.8 ppm and 173.2 ppm
correspond to the carbonyl carbons of different fatty acids present in the FO.

Figure 3.5. 13C NMR spectra of EFO (top, blue) and CFO (bottom, black).
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3.2.2.2 Infrared Spectroscopy and Thermogravimetric Analysis
IR spectra were obtained on the isolated CFO and CTFO, and compared to
epoxides, reported in Chapter 2. Their spectroscopic characterization is consistent with
literature reports for vegetable oil-derived cyclic carbonates.19,20 Representative spectra for
CFO and CTFO are presented in Figure 3.6. The spectrum for both CFO and CTFO showed
a characteristic band at 1797 cm-1 from the carbonyl of the cyclic carbonate ring, and a
band at 1046 cm-1, due to the C-O bonds of the cyclic carbonate. These bands confirm the
formation of the desired cyclic carbonate, which for CTFO, could not be determined by 1H

Transmittance

NMR spectroscopy.

1046 cm-1
1797 cm-1

Wavenumber (cm-1)

Figure 3.6. Infrared spectra of EFO (black, top), CFO (gray, middle), CTFO (black
dashed, bottom).
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CFO samples were analyzed by thermogravimetric analysis (TGA). Samples were
heated from 20 °C to 1000 °C at a heating rate of 10 °C/min, under a constant flow of
nitrogen (50 mL/min). Figure 3.7 shows a representative thermogram for CFO, with
degradation of the cyclic carbonate beginning at 260 °C. A smaller peak in the derivative
weight change curve is apparent at 150 °C, which is likely due to residual TBAB14 in the
sample as the TGA was performed on the crude product.

1
0.8

Weight (mg)

30

0.6
20
0.4
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0.2

0

Deriv. Weight Change (%/°C)

40

0
Temperature (°C)

Figure 3.7. TGA plot of CFO, showing weight of sample (dashed line) and derivative
weight change (continuous line) with heating.

CTFO samples were analyzed by thermogravimetric analysis (TGA) and were
heated from 20 °C to 600 °C at a heating rate of 10 °C/min, under a constant flow of
nitrogen (50 mL/min). Figure 3.8 shows a representative thermogram for CTFO, with
degradation of the cyclic carbonate beginning at 260 °C and another large weight loss
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beginning around 470 °C, higher than that for CFO. The small weight loss around 150 °C
is also likely due to residual TBAB14 in the sample as the TGA was performed on the crude

20
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15

0.6

10

0.4

5

0.2

0

0.0

Deriv. Weight Change (%/°C)

Weight (mg)

product.

Temperature (°C)

Figure 3.8. TGA plot of CTFO, showing weight of sample (dashed line) and derivative
weight change (continuous line) with heating.

3.4 Conclusions
FO-based cyclic carbonates were synthesized for the first time, which were
spectroscopically similar to their vegetable oil-based analogues. Using 6.7 mol% TBAB
with the EFO, cyclic carbonates were obtained in a 92% conversion. Using less TBAB, at
3.9 mol%, and adding 2.0 mol% ascorbic acid, a natural product, the desired cyclic
carbonates could still be synthesized in a high conversion, at 90%. Cyclic carbonates
synthesized from the TFO were highly viscous and were not able to be analyzed by 1H
94

NMR spectroscopy to determine their conversion. Instead, their formation was confirmed
by IR spectroscopy, which showed they are spectroscopically identical to CFO. These
cyclic carbonates, which are formed at lower temperatures and pressures than what is seen
in the literature for vegetable oil cyclic carbonates, will be used for the formation of NIPU
materials in Chapter 4.

3.5 Experimental
3.5.1 Materials
TBAB (99%) was purchased from Sigma-Aldrich. CO2 (99.998%, supercritical
fluid grade) was purchased from Praxair Canada. L-ascorbic acid (99+%), and
bis(triphenylphosphine)iminium chloride (PPNCl) was purchased from Alfa Aesar.
Iron(III) amino-bis(phenolate) complex, FeCl(O2N2), was previously synthesized by Ms.
Erika Butler at Memorial University10 and used without further purification. Oxidized
biochar was provided by Ms. Juliana Vidal at Memorial Univeristy.8

3.5.2 Instrumentation
NMR spectra were recorded at 298 K on a Bruker Avance III 300 or Avance 500
MHz spectrometer in chloroform-d (CDCl3). Chemical shifts, in ppm, for 1H and 13C NMR
were referenced to the residual deuterated solvent signals. IR spectra were recorded on a
Bruker Alpha IR spectrophotometer using a platinum diamond ATR module, 36 scans at 4
cm-1 resolution in the spectral range of 400-4000 cm-1. The thermal stability of samples was
determined by thermogravimetric analysis (TGA) on a Q500 TGA from TA Instruments,
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heating from 20 to 800 °C at a heating rate of 20 °C min-1. TGA analyses were performed
under a constant flow of nitrogen gas (50 mL min-1). Rheology measurements for the
determination of the viscosity of the FO and EFO were measured on an Anton Parr Physica
MCR 301. The measuring cone used was a D 50 mm, with an angle of 1° and gap of 0.100
mm. Water was analyzed for reference. Runs were performed in triplicate at 25.00 °C on 1
mL of sample. The viscosity was taken as the average of the slopes of the three shear stress
versus shear rate plots (A4).

3.5.3 General Procedure for Cyclic Carbonate Synthesis
For the conversion of the epoxide to cyclic carbonates, EFO (0.40 g), ascorbic acid
(0.003 g, 0.018 mmol), and TBAB (0.011 g, 0.034 mmol) were added to a 3.7 mL glass
vial. The mixture was stirred using a small stir bar and placed in a 300 mL series 5500 High
Pressure Compact Laboratory Reactor (Parr Instrument Co.). The pressure vessel was
modified by removing the impellor from the equipped overhead stirrer so that 5 vials could
be added to the vessel at a time for batch reactions (Figure 3.9). The sealed vessel was
pressurized to 10 bar of CO2,1 heated to the required temperature in an oil bath, and stirred
on a hot plate-stirrer for 48 h. Once complete, the pressure vessel was cooled to room
temperature and vented in a fume hood. The crude product, a viscous brown oil, was
collected and used without further purification for the formation of NIPU materials.

1

CAUTION: Care must be taken when using pressures above atmospheric.
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Figure 3.9. Modified 300 mL pressure vessel used for batch reactions to form CFO.
Equipped stirrer with removed impellor outlined on lid.

97

3.6 References
(1)

Lu, X.-B.; Darensbourg, D. J. Cobalt Catalysts for the Coupling of CO2 and Epoxides
to Provide Polycarbonates and Cyclic Carbonates. Chem. Soc. Rev. 2012, 41 (4),
1462–1484.

(2)

von der Assen, N.; Bardow, A. Life Cycle Assessment of Polyols for Polyurethane
Production Using CO2 as Feedstock: Insights from an Industrial Case Study. Green
Chem. 2014, 16 (6), 3272–3280.

(3)

von der Assen, N.; Jung, J.; Bardow, A. Life-Cycle Assessment of Carbon Dioxide
Capture and Utilization: Avoiding the Pitfalls. Energy Environ. Sci. 2013, 6 (9), 2721.

(4)

Aresta, M.; Dibenedetto, A. Utilisation of CO2 as a Chemical Feedstock:
Opportunities and Challenges. Dalton Trans. 2007, No. 28, 2975–2992.

(5)

Baizer, M. M.; Clark, J. R.; Swidinsky, J. Monocarbamates of 1,2-Dihydroxy-3Aryloxypropanes. J. Org. Chem. 1957, 22 (12), 1595–1599.

(6)

Aresta, M.; Dibenedetto, A. Carbon Dioxide as Building Block for the Synthesis of
Organic Carbonates - Behavior of Homogeneous and Heterogeneous Catalysts in the
Oxidative Carboxylation of Olefins. J. Mol. Catal. A Chem. 2002, 182–183, 399–
409.

(7)

Tamami, B.; Sohn, S.; Wilkes, G. L. Incorporation of Carbon Dioxide into Soybean
Oil and Subsequent Preparation and Studies of Nonisocyanate Polyurethane
Networks. J. Appl. Polym. Sci. 2004, 92 (2), 883–891.

98

(8)

Vidal, J. L.; Andrea, V. P.; MacQuarrie, S. L.; Kerton, F. M. Oxidized Biochar as a
Simple, Renewable Catalyst for the Production of Cyclic Carbonates from Carbon
Dioxide and Epoxides. ChemCatChem, 2019, In Press.

(9)

Liu, W. J.; Jiang, H.; Yu, H. Q. Development of Biochar-Based Functional Materials:
Toward a Sustainable Platform Carbon Material. Chem. Rev. 2015, 115 (22), 12251–
12285.

(10) Butler, E. D. Iron Amino-Phenolate Complexes as Catalysts for CO2 Activation, M.
Sc., Memorial University of Newfoundland, St. John’s, NL, March 2018.
(11) Büttner, H.; Grimmer, C.; Steinbauer, J.; Werner, T. Iron-Based Binary Catalytic
System for the Valorization of CO2 into Biobased Cyclic Carbonates. ACS Sustain.
Chem. Eng. 2016, 4 (9), 4805–4814.
(12) Andrea, K. A.; Kerton, F. M. Triarylborane-Catalyzed Formation of Cyclic Organic
Carbonates and Polycarbonates. ACS Catal. 2019, 9, 1799–1809.
(13) Bähr, M.; Mülhaupt, R. Linseed and Soybean Oil-Based Polyurethanes Prepared via
the Non-Isocyanate Route and Catalytic Carbon Dioxide Conversion. Green Chem.
2012, 14 (2), 483–489.
(14) Zheng, J. L.; Burel, F.; Salmi, T.; Taouk, B.; Leveneur, S. Carbonation of Vegetable
Oils: Influence of Mass Transfer on Reaction Kinetics. Ind. Eng. Chem. Res. 2015,
54 (43), 10935–10944.
(15) Samanta, S.; Selvakumar, S.; Bahr, J.; Wickramaratne, S.; Sibi, M. P.; Chisholm, B.
J.; Sibi, M. P.; Chisholm, B. J.; Wickramaratne, D. S.; Sibi, M. P.; et al. Synthesis
and Characterization of Polyurethane Networks Derived from Soybean Oil-Based
Cyclic Carbonates and Bio-Derivable Diamines Synthesis and Characterization of
99

Polyurethane Networks Derived from Soybean Oil-Based Cyclic Carbonates and
Bio-Derivable Diamines. ACS Sustain. Chem. Eng. 2016, 4 (12), 1–7.
(16) Doley, S.; Dolui, S. K. Solvent and Catalyst-Free Synthesis of Sunflower Oil Based
Polyurethane through Non-Isocyanate Route and Its Coatings Properties. Eur. Polym.
J. 2018, 102, 161–168.
(17) Arayachukiat, S.; Kongtes, C.; Barthel, A.; Vummaleti, S. V. C.; Poater, A.;
Wannakao, S.; Cavallo, L.; D’Elia, V. Ascorbic Acid as a Bifunctional Hydrogen
Bond Donor for the Synthesis of Cyclic Carbonates from CO2 under Ambient
Conditions. ACS Sustain. Chem. Eng. 2017, 5 (8), 6392–6397.
(18) Pappenberger, G.; Hohmann, H.-P. Industrial Production of L-Ascorbic Acid
(Vitamin C) and D-Isoascorbic Acid. In Biotechnology of Food and Feed Additives.
Advances in Biochemical Engineering/Biotechnology; Zorn, H., Czermak, P., Eds.;
Springer: Berlin, 2013; Vol. 143, pp 143–188.
(19) Doll, K. M.; Erhan, S. Z. The Improved Synthesis of Carbonated Soybean Oil Using
Supercritical Carbon Dioxide at a Reduced Reaction Time. Green Chem. 2005, 7
(12), 849–854.
(20) Alves, M.; Grignard, B.; Gennen, S.; Detrembleur, C.; Jerome, C.; Tassaing, T.
Organocatalytic Synthesis of Bio-Based Cyclic Carbonates from CO2 and Vegetable
Oils. RSC Adv. 2015, 5 (66), 53629–53636.

100

Chapter 4: Synthesis of Non-Isocyanate Polyurethane Materials from
Fish Oil-Based Cyclic Carbonates
4.1 Introduction
Non-isocyanate polyurethane (NIPU) materials based on biomass-derived
chemicals are highly attractive due to their inherently greener synthesis and a desire to
produce potentially biodegradable materials.1–3 In this thesis, for the synthesis of the NIPU
material, the fish oil (FO) derived cyclic carbonate, or carbonated FO (CFO), is reacted
with an amine. The formation of NIPU materials from soybean oil was first reported in
2004 by Tamami et al., in which they reacted the carbonated soybean oil (CSBO) with
ethylenediamine, hexamethylenediamine, or tris(2-aminoethyl)amine.4 The produced
polymeric materials had a range of glass transitions temperatures (Tg), with the highest
being 43 °C.
The reaction for the formation of the NIPU materials proceeds through the
mechanism shown in Scheme 4.1. In the first step, a tetrahedral intermediate is formed
after nucleophilic attack of an amine on the carbonyl of the cyclic carbonate. In the second
step, a second amine deprotonates this tetrahedral intermediate, and in the final step, the
electron density on the oxygen initiates the breaking of one of the carbon-oxygen bonds,
leading to the formation of the NIPU. This forms a urethane linkage with an extra hydroxyl
functional group, which are specifically called polyhydroxyurethanes. The cyclic
carbonates typically used are 5-membered cyclic carbonates, which are less reactive than
other 6-, 7-, and 8-membered carbonates, as well as related thiocarbonates. Despite this,
the 5-membered cyclic carbonates are preferentially used, as the other cyclic carbonates are
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synthesized using phosgene derivatives or carbon disulfide, both of which are harmful
substances.5

Scheme 4.1. Mechanism for the formation of non-isocyanate polyurethanes from a cyclic
carbonate and amine.5

As demonstrated in Chapter 1, NIPU materials can be synthesized from biomassderived materials through green methods, and as demonstrated in Chapter 3, waste-derived
FO can be used to synthesize organic cyclic carbonates that are spectroscopically similar
to cyclic carbonates derived from soybean oil. The goal for this chapter was to synthesize
NIPU materials from the FO-derived cyclic carbonates. Although this has been performed
with other biomass-derived chemicals, NIPU materials have not previously been
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synthesized using ocean-based biomass such as FO. For comparison with the FO-derived
NIPU materials, reactions were also performed with cyclic carbonates derived from a
nutritional tablet FO (TFO). Using the cyclic carbonates derived from FO, the NIPUs
produced have the representative structure shown in Scheme 4.2. The route to their
synthesis will be outlined in Section 4.2, along with the characterization of the produced
materials.
Using biomass-derived amines with the FO-derived cyclic carbonates for the
production of NIPU materials produces a 100% bio-derived material that may show an
improved biodegradability over conventional polyurethane materials. The degradability of
the NIPUs is especially important for the end of life of the material. As a material that could
potentially replace petroleum derived polymers, having a material that also persists in the
environment is not desired. Ideally, the material will show an enhanced degradability, with
innocuous degradation products. The degradability of the NIPU material will be explored
in Section 4.2.2.
Two different amines were used in this thesis for the ring-opening polymerization
of the FO-derived cyclic carbonates: 4,7,10-trioxa-1,13-tridecanediamine (Figure 4.1), and
a commercially available bio-derived amine mixture, NC-540 (Figure 4.2). This bioderived amine is synthesized from cashew nut shell liquid, a by-product of the cashew
kernel industry, which accounts for 20-25% of the nut’s weight.6 Bio-derived NC-540 has
previously been reported for the formation of NIPU materials using cyclic carbonates
derived from linseed oil,7,8 producing films that showed good performance in terms of
coating properties.
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Scheme 4.2. Schematic for the conversion of FO-based cyclic carbonates to NIPU.

Figure 4.1. 4,7,10-Trioxa-1,13-tridecanediamine.

Figure 4.2. Representative structure of amine mixture, NC-540.7
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4.2 Results and Discussion
4.2.1 Synthesis of Non-Isocyanate Polyurethanes from Fish Oil
The formation of the FO-based NIPU was performed by mixing the amine and the
CFO on a glass Petri dish and heating to 40 °C. The Petri dish was then placed uncovered
in an oven at 100 °C for 24 h to cure. The dish was then removed from the oven, cooled to
20 °C, and the film removed from the glass dish using a scalpel blade. The resulting film
was then characterized and compared with results from different mixing ratios (weight
CFO:weight amine) and a NIPU material made using the carbonated TFO (CTFO).
Summarized reaction conditions are presented in Table 4.1.

Table 4.1. Summary of experimental conditions for the formation of NIPU films.

a

Entry

Carbonated
Fish Oil (g)

NC-540 (g)

Carbonate:Amine

1

0.16

0.17

1:1.1

2

0.20

0.26

1:1.3

3

0.12

0.22

1:1.8

4

0.10

0.20

1:2.0

5a

0.12

0.06

1:0.5

6b

0.19

0.20

1:1.1

b

4,7,10-trioxa-1,13-tridecanediamine used. CTFO used.

The different mixing ratios of the CFO and amine produced materials with different
appearances and physical properties, each shown in Figure 4.3. Using NC-540, a mixing
ratio of the carbonate to amine of 1:2 gave flexible films which were 50 µm thick and were
red, transparent, and shiny (Figure 4.3-A). Elemental analysis was performed on the film,
showing it was 5.88% nitrogen, confirming incorporation of the amine. A mixing ratio of
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approximately 1:1 gave a 1.0 mm thick flexible film, which was also red, transparent, and
shiny (Figure 4.3-B). Using the TFO and NC-540, a brittle reddish-brown shiny solid was
obtained, which was also fairly flexible (Figure 4.3-C). When 4,7,10-trioxa-1,13tridecanediamine was used instead of NC-540 with CFO, a thin, light brown, sticky film
was obtained (Figure 4.3-D).

A)

B)

C)

D)

Figure 4.3. FO-derived NIPU films. A) 1:2 mixing ratio, B) 1:1 mixing ratio, C) TFOderived NIPU film, and D) 4,7,10-trioxa-1,13-tridecanediamine film, entries 4, 1, 6 and 5
respectively in Table 4.1.

Each NIPU material was analyzed by infrared (IR) spectroscopy to confirm the
formation of the desired urethane linkage. Their spectroscopic characterization is consistent
with literature reports for vegetable oil-derived NIPU materials.4,9,10 Representative spectra
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for a FO-derived NIPU and a TFO-derived NIPU are presented in Figure 4.4, with a
spectrum for CFO presented for comparison to the NIPU materials. Both NIPU spectra
show weakening of the band at 1797 cm-1, due to the carbonyl of the cyclic carbonate,
indicating ring-opening. A new band at 1654 cm-1 and a broad band at 3294 cm-1 appear in
both spectra, which are characteristic of an N-H bend and O-H/N-H stretching,
respectively. These bands confirm the formation of the desired NIPU material from both

Transmittance

CFO and CTFO.

3294 cm-1

1797 cm-1
1654 cm-1

Wavenumber (cm-1)

Figure 4.4. Infrared spectra of CFO (black, top), FO-NIPU (gray, middle), and TFONIPU (black dashed, bottom).

The NIPU materials were analyzed by thermogravimetric analysis (TGA). Samples
were heated from 20 °C to 700 °C at a heating rate of 10 °C/min, under a constant flow of
nitrogen (50 mL/min). Figure 4.5 shows a representative thermogram for a FO-NIPU
material, with degradation beginning at 200 °C and the main weight loss occurring after
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360 °C. The peak beginning at 200 °C is likely due to the NC-540 amine used to cure the
film, which has a boiling point of 207 °C.11

0.8

Weight (mg)

16

0.6

12
0.4
8
0.2

4
0

Deriv. Weight Change (%/°C)

20

0.0
Temperature (°C)

Figure 4.5. TGA plot of FO-NIPU, showing weight of sample (dashed line) and
derivative weight change (continuous line) with heating.

The TFO-derived NIPU material was also analyzed by TGA. Samples were heated
from 20 °C to 650 °C at a heating rate of 10 °C/min, under a constant flow of nitrogen (50
mL/min). Figure 4.6 shows a representative thermogram for a TFO-NIPU material, with
degradation beginning at 180 °C and a small amount of weight loss occurring between 375
°C and 400 °C. Weight loss continues from 400 °C to 500 °C, and from 500 °C to the final
temperature of 650 °C. The difference in degradation temperatures between the FO and
TFO-derived NIPUs is due to the different fatty acids present in each oil. The FO contains
mostly oleic acid, a monounsaturated fatty acid, while the TFO is composed of only
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eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which have 5 and 6 double
bonds, respectively.
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Figure 4.6. TGA plot of TFO-NIPU, showing weight of sample (dashed line) and
derivative weight change (continuous line) with heating.

The samples were analyzed by differential scanning calorimetry (DSC) to
potentially find a Tg for the polymer samples. In the DSC plot for the FO-NIPU film, the
sample was cooled and heated in several loops, showing no endo- or exotherms between
−70 °C and 50 °C (Figure 4.7). The NIPU material is soft and flexible, therefore the Tg
may be lower than the lower limit of the instrument, −70 °C. In another run, the material
was heated from 20 °C to 300 °C, the sample began degrading at higher temperatures, and
no Tg was observed in this range.
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Figure 4.7. DSC plot of FO-NIPU.

The TFO-derived NIPU material was also analyzed by DSC. The sample was heated
from 25 °C to 150 °C, cooled back to 25 °C, and repeated for two cycles. This was
performed again between −70 °C and 25 °C. Within this full temperature range studied, no
Tg was observed (Figure 4.8). The sample was heated from −70 °C to −10 °C at a slower
heating rate of 5 °C/min, with no endo- or exotherms observed (Figure 4.9). As with the
FO-NIPU, the material is flexible and the Tg is likely below the temperature range of the
instrument used for the TFO-NIPU. The existence of a low temperature Tg indicates that
these materials could have potential low temperature applications.
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Figure 4.8. DSC plot of TFO-NIPU, −70 °C to 150 °C.

Figure 4.9. DSC plot of TFO-NIPU, −50 °C to −10°C, 5 °C/min.
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4.2.2 Behaviour of Non-Isocyanate Polyurethane Materials in Water and
Enzymatic Degradation Studies
4.2.2.1 Behaviour of films in various aqueous environments
To study the degradability of the FO-NIPU material in aqueous solutions, pieces of
the film were stirred in deionized water, synthetic seawater, and seawater collected from
Middle Cove Beach, NL. Squares of the film (Figure 4.3-A.) were placed in an Erlenmeyer
flask, each with 100 mL of the appropriate aqueous solution, sealed and shaken at 290
rotations/min. The synthetic seawater used was made to a concentration of 33 g/L, the
global average salinity of seawater, with sea salts. The resulting synthetic seawater had the
approximate concentration of ions presented in Table 4.2.

Table 4.2. Ion concentrations in synthetic seawater for aqueous degradation studies.
Ion

Concentration (mg/L)

Chloride

17000

Sodium

9500

Magnesium

1100

Potassium

350

Calcium

350

Carbonate

170

After 28 days of stirring, the NIPU films were removed from the aqueous solutions,
resulting in the films shown in Figure 4.10. Changes in the masses of the films are shown
in Table 4.3 below. The film in deionized water was light orange and opaque (Figure 4.10A), and its mass after stirring was 187% its original mass, indicating that there was a large
uptake of deionized water. After leaving the film to dry overnight in the open air, the film
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lost a large portion of this water, and was 120% its original mass. When replicate
experiments were performed, similar weight changes were obtained, even when using a
smaller piece of NIPU film.

A)

B)

Figure 4.10. FO-NIPU films after stirring for 28 days in, A) deionized water and, B)
seawater.
For the synthetic seawater film, after stirring for 28 days, the film remained the
same reddish-orange colour, but turned opaque (Figure 4.10-B). Its mass when removed
from the seawater was 112% its original mass, indicating a much smaller amount of water
was absorbed by the film compared to in deionized water. After drying in air overnight, the
film returned to its original mass, indicating that it lost all the water that was absorbed.
When repeated, similar weight changes were obtained. The film that was exposed to real
seawater collected from Middle Cove Beach, NL, also remained reddish-orange and
became opaque. The weight changes seen with the film were similar to those of the
synthetic seawater film, with its mass being 120% its original mass after stirring and losing
all of the absorbed water after drying in the air overnight.
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Table 4.3. FO-NIPU masses before and after shaking in water or seawater for 28 days.
Starting Mass
(g)

Weight After
Stirring (%)

Weight After
Drying (%)

Deionized
Water

0.0310
0.0106

187
168

120
112

Synthetic
Seawater

0.0316
0.0370

112
123

100
103

Seawater, MC

0.0287

120

102

MC = Middle Cove Beach, NL.

A scanning electron microscope (SEM) was used to analyse the surface of the films
after shaking in the aqueous solutions. The original film (Figure 4.11 A-B) shows small
wrinkles throughout the surface, as well as flat regions. The film shaken in deionized water
(Figure 4.11 C-D) contains small holes, potentially due to the large uptake of water and its
subsequent release. The film shaken in synthetic seawater (Figure 4.11 E-F) has long
needle-like salt crystals throughout the surface of the film, which are slightly embedded
into the surface. These crystals appear in large agglomerates regularly over the surface.
When reproduced, the films in deionized water and seawater were identical in appearance.
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Figure 4.11. Selected, typical SEM micrographs of FO-NIPU films exposed to water for
28 days, A-B) original film, C-D) deionized water NIPU film, and E-F) synthetic
seawater NIPU film.

To determine the elemental composition of the crystals on the surface of the film
exposed to synthetic seawater, energy dispersive X-ray (EDX) analysis was performed on
the film. This was performed using the same facility as the SEM experiments. An EDX
spectrum, shown in Figure 4.12 below, was generated by analyzing the center of one of
the agglomerates of crystals. The spectrum shows large amounts of calcium and oxygen
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with some potassium, chlorine, sodium, and minimal amounts of magnesium. From the
concentration of ions in the synthetic seawater (Table 4.2), the chlorine, sodium, and
magnesium are expected to be much higher than observed due to their high concentrations
in the water, but instead, calcium and oxygen are the highest in the crystals.

Figure 4.12. EDX spectrum of crystals on film exposed to synthetic seawater.

Elemental maps of the elements of interest were generated for the same agglomerate
of crystals and are shown in Figure 4.13 below. On the surface of the film, there is some
sodium and chlorine present but not localized to the crystals. As with the EDX spectrum,
there are large amounts of calcium and oxygen present, which is localized within the
crystals, indicating that calcium carbonate (CaCO3) may have formed on the film. From the
elemental map for magnesium, there appears to be some magnesium present in small
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regions that correspond to larger crystals on the surface of the film, which may correspond
to either MgCO3 or mixed group 2 carbonates (MgxCayCO3).

Figure 4.13. Elemental maps of crystals on synthetic seawater film, A) SEM micrograph
of agglomerate, B) sodium, C) chlorine, D) oxygen, E) calcium, and F) magnesium.
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SEM micrographs of the FO-NIPU film that was shaken in real seawater were also
taken, along with elemental maps (Figure 4.14). The film is covered with some needle-like
crystals, like those on the film exposed to synthetic seawater, but it is mostly covered with
a different material that appears regularly over the surface. From the elemental maps, this
appears to be mostly sodium and chlorine, with some magnesium throughout. There is some
calcium and oxygen present, but they are present mostly in particles around the regions
where sodium and chlorine are present. The material is therefore likely sodium chloride
(NaCl) with small amounts of magnesium chloride (MgCl2) and CaCO3.
The difference in the surface appearance of the films exposed to natural seawater
versus synthetic seawater is possibly due to differences in salinity. The synthetic seawater
is made to the global average concentration of seawater, whereas the seawater collected
from Middle Cove Beach has a much lower salinity than the global average, due to the
fresh-water streams that reach the ocean nearby in the cove. As well, the real seawater
contains many microorganisms that are not present in the synthetic seawater, which is
produced in a lab with deionized water and is therefore sterile. These two factors appear to
have an impact on the salt that crystallizes on the surface of the film, causing mostly CaCO3
to form on the surface when in synthetic seawater, but NaCl to form on the surface when
in real seawater.
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Figure 4.14. Elemental maps of surface of Middle Cove seawater film, A) SEM
micrograph of film, B) sodium, C) chlorine, D) oxygen, E) calcium, and F) magnesium.

The films were analyzed by IR spectroscopy for comparison to the original FONIPU material before stirring in the aqueous solutions, with their spectra shown in Figure
4.15. The film shaken in deionized water shows an increase in the -OH region around 3290
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cm-1, due to the large amount of water present in the film even after drying. In the spectrum
for the film exposed to seawater, new bands appear, one broad band around 1460 cm-1 and
one sharp band at 874 cm-1. The band at 1460 cm-1 is typical of amorphous CaCO3, while
the sharp band at 874 cm-1 suggests a calcite phase.12 This agrees with that seen through
the EDX spectrum and the elemental maps, indicating that CaCO3 is present on the surface
of the seawater film.

Transmittance

3290 cm-1

1460 cm-1

874 cm-1
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Figure 4.15. IR spectra of FO-NIPU (black, top), deionized water NIPU (gray, middle),
and seawater NIPU (black dashed, bottom).

Both films exposed to real and synthetic seawater showed a decreased uptake of
water compared to when films were shaken in deionized water only. While the film exposed
to real seawater had mostly NaCl on the surface, the film exposed to synthetic seawater
seems to have CaCO3 on the surface. An SEM micrograph of the film shaken in synthetic
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seawater, taken after 30 min of stirring (Figure 4.16), shows formation of crystals on the
surface of the film. This early crystal growth potentially inhibits the uptake of water by the
film, causing films to absorb less water in either type of seawater used. This may explain
why the films show little deformation or degradation when compared to the film shaken in
deionized water that contained holes.

Figure 4.16. SEM micrograph of synthetic seawater FO-NIPU film after 30 minutes.

4.2.2.2 Enzymatic Degradation Studies
To study the enzymatic degradability of the FO-NIPU material, a 5 mm by 5 mm
square piece was put in a buffered solution following a similar method that was previously
reported in the literature.13 10.00 mL of a pH 7 phosphate buffered solution, containing 0.8
mol/L potassium chloride (KCl) was used for the studies. The solution was put in a 20 mL
glass scintillation vial to which the square of FO-NIPU was added. After equilibrating for
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3 days, 50 µL of a lipase, Novozym® 51032, was added. The vial was wrapped in paper
towel to reduce the light entering the solution. This was performed in duplicate to test the
reproducibility of the results.
After 14 days, the film had curled up, with brown mould appearing on the inner side
of the film and within the solution. After 22 days, one film was removed from its solution
and characterized. The film turned light beige in colour and remained curled up (Figure
4.17-A). A brownish-green mould covered only the inside surface of the film (Figure 4.17B), while the outside remained shiny and smooth. The film had increased in mass and was
now 2.8 times its original mass. After drying in the open air overnight the now dark red
film was hard and brittle, indicating some degradation had probably occurred.

A)

B)

C)

Figure 4.17. Enzyme degraded NIPU film, A) outside of film after removing from
solution, B) inside of film, and C) after drying.
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To further characterize the degraded film, SEM micrographs of the mould covered
surface were taken (Figure 4.18). The film appears to be highly degraded and cracked
throughout the surface of the film, with a stringy mass present throughout (Figure 4.18-C),
which is potentially the hyphae from the mould. In many clusters throughout the film, small
particles are present that could be bacteria and its produced spores (Figure 4.18-D). With
further characterization, the identity of the bacteria on the surface of the film could be
determined, and longer tests performed to test to what extent degradation will occur.

Figure 4.18. SEM micrograph of enzyme degraded NIPU film A-B) cracked surface of
film, C) hyphae from mould, and D) bacteria on surface of film.
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4.4 Conclusions
FO-based NIPU films were synthesized using CFO or CTFO and a bio-based amine
mixture, NC-540. The resulting films are therefore 100% biomass and waste-derived. The
formation of the urethane linkages was confirmed by IR spectroscopy. Using the CFO, a
red shiny and flexible film, which showed no Tg between −70 °C and its degradation
temperature of over 200 °C, was formed. When 4,7,10-trioxa-1,13-tridecanediamine was
used instead of NC-540, a light brown, thin, flexible and sticky film was produced. Using
the CTFO with NC-540, a brittle dark brown solid was formed that was still shiny and
flexible. This material also showed no Tg between −70 °C and its degradation temperature.
The FO-NIPU film showed minimal degradation in deionized water. This was likely
caused by the swelling of the polymer that led to the formation of small pores across the
surface, and no degradation observed in seawater. When placed in synthetic or real
seawater, salts such as NaCl and CaCO3 crystallized on the surface of the film, and in some
locations were slightly embedded into the surface of the film. These crystals may play a
role in preventing uptake of water by the film.
The film shows some degradation by lipase enzymes, as indicated by the cracking
on the surface and the brittle nature of the film once air dried. Mould that formed on the
surface of the film may enhance the degradation of the film in aqueous solutions. Further
testing of the mechanical properties of the films and degradation studies are required. In
summary, the materials produced in this work are new, 100% biomass and waste-derived
materials, that show promising results for degradation, which is important for the end of a
materials life.
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4.5 Experimental
4.5.1 Materials
Cashew nut shell liquid-derived amine, NC-540, was provided by the Cardolite
Corporation. Sea salts used for the synthetic seawater (33 g/L) and potassium phosphate
dibasic (K2HPO4, >98%) were purchased from Sigma-Aldrich. Potassium phosphate
monobasic (KH2PO4) was purchased from Anachemia Science. Seawater was collected
from Middle Cove Beach, Logy Bay, NL. For enzymatic degradation studies, Novozym®
51032 was purchased from Strem Chemicals, Incorporated.
4.5.2 Instrumentation
IR spectra were recorded on a Bruker Alpha IR spectrophotometer using a platinum
diamond ATR module, performing 36 scans at 4 cm-1 resolution in the spectral range of
400-4000 cm-1. The thermal stability of samples was determined by thermogravimetric
analysis (TGA) on a Q500 TGA from TA Instruments, heating from 20 to 800 °C at a
heating rate of 10 °C min-1. Differential scanning calorimetry was performed on a Mettler
Toledo DSC 1 in the temperature range of −70 to 500 °C at a heating rate of 10 °C min-1.
TGA and DSC analyses were performed under a constant flow of nitrogen gas (50 mL
min-1). SEM micrographs were obtained on a FEI MLA 650F, equipped with a high
throughput EDX analytical system from Bruker. Samples were coated with gold for SEM
imaging and coated with carbon for EDX analysis. Elemental analysis was performed by
Guelph Chemical Laboratories Ltd. with the samples handled under nitrogen.
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4.5.3 General Procedure for Non-Isocyanate Polyurethane Synthesis
For the conversion of the cyclic carbonates to a NIPU material, CFO (0.10 g) and
NC-540 (0.20 g), were weighed into a Petri dish, heated to 40 °C, and stirred with a metal
spatula. The resulting mixture was spread evenly on the Petri dish and placed in an oven at
100 °C for 24 h. The film was then cooled to 20 °C and scraped off the Petri dish using a
scalpel blade, resulting in a shiny and flexible red film that was approximately 50 µm thick.
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Chapter 5: Conclusions and Future Work
5.1 Conclusions
Fish oil (FO) derived from the by-products from fish processing plants, was used
for the formation of epoxides using three different methods: (i) oxidation by 3chloroperoxybenzoic acid, (ii) oxidation by hydrogen peroxide and acetic acid, catalyzed
by sulfuric acid, and (iii) oxidation by hydrogen peroxide catalyzed by formic acid. A gateto-gate life cycle assessment of these methods was performed, showing the reaction using
formic acid and hydrogen peroxide is the greenest route to the formation of epoxidized FO
(EFO). This reaction was optimized for the formation of EFO and epoxidized tablet FO
(ETFO).
Using EFO and carbon dioxide (CO2), with 3.9 mol% tetrabutylammonium bromide
and 2.0 mol% ascorbic acid, cyclic carbonates were synthesized with a conversion of 90%.
The products were characterized by 1H and 13C NMR spectroscopy, IR spectroscopy, and
TGA. Using the ETFO, a highly viscous material was formed but its 1H NMR spectrum
was too difficult to interpret. The formation of the TFO-derived cyclic carbonate was
confirmed by IR spectroscopy.
The FO-based cyclic carbonates were used to produce sustainable and fully biosourced non-isocyanate polyurethanes (NIPUs). Using a cashew nut shell liquid-derived
amine mixture, NIPU materials were synthesized. Using carbonated FO (CFO) a shiny, red,
flexible film was produced. With the carbonated tablet FO (CTFO) a shiny, dark brown,
brittle film was formed that was still highly flexible. Scientific measurements to determine
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flexibility and brittleness in an accurate fashion still need to be performed, as equipment to
make such measurements was not accessible during my studies.
The degradation of the FO-NIPU materials in aqueous solutions was studied. A
large uptake of deionized water was observed after stirring for 28 days at room temperature,
whereas in saltwater, less water was absorbed potentially due to the salt that crystallized on
the surface of the film. The material also shows promising preliminary results towards
degradation by enzymes. The NIPU material prepared in the current work is 100% bioderived, with both components derived from waste streams that do not compete with food
production. Synthesis and use of this material could lead to new opportunities in waste
management, producing valuable materials from resources that are currently underutilized.

5.2 Future Work
The process used to extract the fish oil determines the fatty acid profile. By using
oils extracted using different methods, materials with different properties may be
synthesized. The NIPU materials produced vary depending on their mixing ratios and the
amine used. Simpler amines, which are similar to the bio-based amine used, would be
interesting to try in order to determine if it is the long fatty acid chains that make the
material so flexible. As well, other bio-based amines, such as L-lysine (i.e. amino acids),
may give entirely different properties to the NIPU material, while remaining a 100% bioderived material. As well, the cyclic carbonates used in the reactions were all obtained in
high conversions. Synthesizing cyclic carbonates at lower conversions so that many
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epoxide groups remain could lead to the formation of different materials that could
potentially be functionalized post-NIPU synthesis.
The materials need to be further studied regarding their ability to degrade in the
environment, whether that be in aqueous or terrestrial environments. The degradation
studies performed showed promising results. In the enzymatic degradation reactions, mould
grew on the film, but only on one side. The shiny outside of the film did not appear to have
any mould on it, whereas the other side of the film, which was scratched from scraping the
film off the glass after its formation, had mould grow on it. The mould and potential
degradation products would need to be characterized to test if the film is degrading to
innocuous chemicals that would be harmless if released into the environment.
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Chapter 6: Appendix
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A1. Rheology measurements of water used for calibration of the instrument, with three
runs, average slope 0.000875 ± 0.000007 Pa·s.
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A2. Rheology measurements of fish oil, with three runs, average slope 0.0530 ± 0.0001
Pa·s.

132

25

Shear Stress (Pa)

20
15
10
5
0
0

50

100
150
Shear Rate (1/s)

200

A3. Rheology measurements of epoxidized fish oil, with three runs, average slope 0.0962
± 0.0017 Pa·s.
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A4. Rheology measurements of carbonated fish oil, with three runs, average slope 5.19 ±
0.14 Pa·s.
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A5. 1H NMR spectra of epoxidized oleic acid (top, blue) and carbonated oleic acid
(bottom, black) in CDCl3 at 25 C.
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A6. IR spectrum of product from coupling reaction of epoxidized oleic acid and CO2.
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