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Abstract

Present research is aimed at the development of crosslinked polymers from biomass
pyrolysis oil. Crosslinked polymers are high performance materials employed in a wide range of
applications and are most commonly derived from petrochemicals. With the increasing depletion
of petroleum and the climate change, the focus is shifted toward biomass-based polymers.
Biomass has a great variety due to a vast number and types of plant species. Moreover,
lignocellulosic biomass offers challenges for the development of materials due to its complex
chemical nature. Pyrolysis of biomass efficiently breaks down biomass components to simpler
organic compounds with differing functionalities which can be used for the development of
novel monomers and polymers. For the current study, bio-oil was obtained from the fast
pyrolysis of lignocellulosic biomass. Gas-chromatography-mass spectroscopy (GC-MS) was
carried out for detection of compounds in the bio-oil. The hydroxyl number was measured using
31p-Nuclear magnetic resonance (*:P-NMR) spectroscopy. Different monomeric structures were
synthesized from bio-oil by reacting with specific reagents.

In chapter two, bio-oil was co-reacted with phenol and formaldehyde to produce bio-novolac
resin. Glycidylation was performed on a-resorcylic acid to product another bio-based epoxy —
GDGB. Semi-interpenetrating polymer networks (semi-IPN) of bio-novolac and GDGB were
developed by crosslinking GDGB in immediate presence of bio-novolac. Differential scanning
calorimetry (DSC) and dynamic mechanical analysis (DMA) were used for measuring glass

transition temperature, storage modulus, loss modulus, tan 6 and active chains density.



In chapter 3, bio-oil and bio-novolac were glycidylated to form epoxidized bio-oil and
epoxidized bio-novolac monomers which were crosslinked by an amine hardener — Jeffamine T-
403. The thermo-mechanical performance of bio-oil-derived epoxy and novolac polymers was
comparable to their conventional analogues.

In chapter 4 cyanate esters were produced from bio-oil organic phase and from bio-oil-derived
biphenol (ORG-biphenol). Crosslinked cyanate esters from ORG-biphenol yielded higher glass
transition temperature than bisphenol-A-cyanate ester.

In the final chapter, the aqueous phase of bio-oil was used for monomer synthesis.
Methacrylation reaction was performed on bio-oil aqueous phase to produce a mixture of
methacrylic monomers. Methacrylated aqueous bio-oil and acrylated epoxidized soybean oil
were copolymerized to form crosslinked thermoset materials with sub-ambient glass transition
temperatures.

Soxhlet extraction with refluxing dichloromethane was used for assessing mass retention of
crosslinked materials. Morphology of the polymers was observed with scanning electron
microscopy (SEM). Bio-oil based crosslinked polymers developed in this research study are
sustainable and can be potentially applied in the fields of composites, coatings, adhesives,
elastomers and packaging.

Keywords: Bio-oil, crosslinked polymers, BioNovolac, epoxy resins, cyanate esters,

polyacrylates
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Chapter 1

Introduction

1.1. Crosslinked polymers: Importance, demand and raw materials

Innovation has been a prime factor in the development of polymers since their early developments.
The current polymer industry observes a steady and lucrative growth due to the global demands
arising out of higher performance requirements, major financial investments and ever-evolving
breakthroughs in materials sciences. Polymeric materials are universally used in a vast range of
household and industrial applications. Moreover, the global production of polymeric resins and
fibers was around 380 million metric tons in the year 2015.[1] Although polymeric materials have
penetrated almost every aspect of the modern life, they are primarily dependent on petroleum
resources until today.

Polymers can be categorized into thermoplastics and thermosets based on their thermal treatments
and properties. At molecular level, the macromolecular chains of thermoplastic polymers can
mobilize on supplying energy and hence, thermoplastics can be molten, re-designed and thus, are
often easily recyclable. On the other hand, polymeric chains present in thermoset polymers are
chemically bonded, thereby providing a restriction to the molecular movement despite subjecting
to moderate amount of energy. As a result, thermoset polymers do not melt and dissolve.[2] The
chemical bonds connecting the polymeric chains are called crosslinks or crosslinking points;
whereas the process of formation of the three-dimensional network by bonding of polymer chains

is called crosslinking. The distinguishing aspect of thermoset polymers is that at least one



monomer possesses more than two functionalities which results in functional molecular
branches that lead to crosslinked network formation as depicted in Figure 1.1. In most of the
cases, the reaction between two multi-functional monomers or the reaction between a
functional polymer and a multi-functional monomer (often called as crosslinking agent) is

necessary.

(a) Characteristics of thermoplastic polymers

—e

Bifunctional Bifunctional
Monomer A Monomer B
@ ¢ @ C ® g ® C ® < ® pe

Co-polymer chain

(b) Characteristics of thermoset polymers

\ - A >
YN /
+ Y - l I YF——~
Bifunctional Trifunctional Ju / I
Monomer A Monomer C \ — .'"""( g

Crosslinked polymer network

Figure 1.1: Schematic of molecular development of (a) thermoplastic polymer, (b) thermoset
polymer.

The crosslinked network of thermoset polymers imparts higher thermal, mechanical and
chemical properties than otherwise non-crosslinked analogues. Depending on the type of
functionality, the structure of the repeating unit and the degree of crosslinking, thermoset

polymers can have a wide range of properties. Thermoset polymers include a range of polymers



such as polyester, epoxy, phenol-formaldehyde, urea-formaldehyde, melamine-formaldehyde,
polyurethane, vinyl ester, cyanate ester, bismaleimides, silicone polymers etc. The distribution
of polymers is displayed in Table 1.1, depending on the type and region in which they are
consumed.

Table 1.1: Market share of commonly used thermoset polymers [3]

Annual Consumption (%)
Thermoset Polymer

USA Worldwide

Polyurethane 36 31

Unsaturated polyesters 22 20

Phenolic resins 20 18

Amino resins 18 25

Epoxy 4 6

Resin is the typical term for easily processible, pre-polymeric thermoset. Resins appear in the
forms of viscous liquids or solids, and can be transformed into rigid, strong materials after
crosslinking with other multi-functional monomers. The incorporation of fillers, especially
fibers, to resins leads to a composite material that shows enhanced properties.[4] Currently, the
polymer-fiber composite materials rule a wide range of applications including automobile,
aerospace, civil structures, electronic components and sports equipment. Additionally, coatings
and inks are pigmented polymeric composite materials that are abundantly utilized in a variety
of applications. The final state of most of the polymers in all of the above-mentioned
applications is usually highly-crosslinked. Due to this reason and with increasing necessity for

highly-crosslinkable, multi-functional polymers, the market for thermoset resins is expected to

3



increase at a rapid rate. In Table 1.2, the chemistry and applications of commonly used

thermosets are listed.



Table 1.2: Thermoset polymers: Chemistry and applications
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The development of thermoset networks depends on the monomer functionality and type.
Organic compounds with multifunctional groups of alcohols, carboxylic acids, isocyanates,
amines are often used for synthesis of crosslinked polymers. Aromatic compounds substituted
with electron-donating groups (for example, phenol) also provide multifunctionality for
successful development of polymers such as phenol-formaldehyde discussed in Table 1.2.
Phenol is also used for synthesis of other monomers including cresol, resorcinol, bisphenol-A,
bisphenol-F and their halogenated derivatives.[25, 26] All of the bisphenols offer
bifunctionality of phenolic hydroxyl groups which lead to development of polymers such as
epoxy resins, cyanate esters and polycarbonates. Many of the important monomers, including
phenol, bisphenol-A, formaldehyde, styrene, are obtained through a series of processes starting
from petroleum products. The future of crosslinked polymers depends on the uninterrupted
supply of multifunctional monomers. As a result, it seeks the continuous supply of
petrochemicals for the generation of monomers unless alternative resources are developed for
their availability. A detailed discussion about effects of perpetual consumption of petroleum is

outlined in the next section.

1.2. Petroleum: Recent problems and future consequences

Although the total global amount of fossil fuel seems to be enormous, the sources and quantity
of petroleum are limited. With greatly increasing demand for energy and fuels, there are
concerns over adequate supply of non-renewable fuels and petroleum products. The estimated
global proved reserves of oil (1696.6 billion barrels), natural gas (193.5 trillion m®) and coal
(1035 hillion tones) at the end of 2017 indicate a caution considering the rapidly increasing
growth rate of global consumption of all the fossil fuels.[27] Nearly 5 % of petroleum
derivatives find applications in the production of chemicals whereas most of the remaining is

currently used as transportation fuel.[28] Exponential growth in the global population,



enhanced industrialization and improved technologies have kept raising the petroleum
consumption.[29] Coming years are expected to observe higher consumption of fossil fuels due
to increased demand of energy and materials. Often, it is agreed that the proved reserves are
subject to show an increase due to developing technologies of petroleum recovery and refining
with time. Though this is true, it would be inappropriate to only depend on the unproven
reserves converting to proved-reserves. Heavy dependence on the limited resources affects the
economy when the gap between supply and demand is high. Since the naturally occurring
deposits are geographically limited, the production of petroleum derivatives involves political
aspects too. Though exports and imports might help to balance the international oil
requirements, continuous depletion of fossil fuels deposits might lead to the world energy
crisis.

It is also worthwhile to consider the ramifications of petroleum consumption on the
environment. Burning of petroleum products such as natural gas or coal is fundamentally an
oxidation reaction, which eventually yields carbon dioxide (CO) as a by-product. Human
activities, such as the utilization of fuels to obtain energy lead to CO2 emissions, are generally
termed as anthropogenic CO. emissions.[30] The emitted carbon dioxide absorbs solar
radiations and increases the overall temperature of the atmosphere. The effect is known as
greenhouse effect and the gases that cause it are called greenhouse gases. Increasing amount
of CO2 emissions is a considerable impact on climate change. In brief, global warming can be
directly related to ever increasing consumption of petroleum resources and energy generation.
In last 10 years, net CO2 emissions have raised by 1.6 % globally with China, United States of
America and India cumulatively contributing to 50 % of global COzemissions in 2016.[31] As
per the Paris agreement, United Nations have aimed to restrict the rise in global temperature

well below 2 °C in this century.[32]



1.3. Biomass: A potential alternative and an optimistic solution

Considering the mentioned limitations and environmental concerns, it is essential to shift the
focus from petroleum to the renewable and environmentally benign resources. Biomass
appearing in the form of plants, trees, crops, grass etc., can be grown periodically in a wide
range of geographic conditions. In other words, the very characteristics of renewability renders
biomass as a potential source of chemicals. Since the biomass is renewable unlike fossil fuels,
it offers a sustainable path for indefinite period of time. Moreover, plants absorb CO; in
presence of sunlight to produce energy via photosynthesis. Biomass growth is beneficial, as
the plants would absorb more amount of COz in the atmosphere thereby offsetting the CO>
emissions. The amount of CO emitted from the energy generation or combustion of biomass
is lower than total amount of CO> absorbed in process of producing that biomass and hence
carbon dioxide balance is always positive.[33] This clearly indicates that biomass and biofuels
are necessary not only for fulfilling energy demands of humans but also for good environmental

equilibrium.

1.4. Chemical transformation of biomass for crosslinked polymers: Overview and
challenges

Biomass constituents can be chemically transformed to obtain desired compounds for polymer
synthesis. Corma et al. have extensively reviewed biomass transformation methods for
producing chemicals.[34] Plant oil triglycerides are often used for resin synthesis.[35]
Depending on the species of the plant, varying triglycerides and fatty acids can be exploited
for polymer network build-up.[36] Natural bio-resources can be utilized to yield functional
compounds, which can lead to thermosetting polymers. Famous examples include the
compounds cardanol, cardol, anacardic acid and 2-methylcardol from cashew nut shell liquid

(CNSL) that is obtained from cashews.[37, 38] Many CNSL-based developments in resins,



crosslinked networks and composites have been documented in literature.[39-46] Abeitic acid
and its isomers found in rosin have been used for successful resin developments in various
attempts.[47-52] Crosslinked polymers have been developed from bio-based phenolic
monomers: vanillin,[53, 54] eugenol,[55, 56] and phenolic, natural macromolecules:
tannins[57] and lignin.[58-60]

All the above-mentioned developments are based on a wide range of biomass species.
Moreover, the monomers, oligomers and resins obtained through such bio-based resources go
through a series of chemical reactions and purification processes that can be energy intensive
and economically cumbersome. With every additional step, the yield of subsequent product
decreases resulting into higher process costs. Further, utilization of edible biomass such as
edible oils, vanilla extract, soy-based products, corn, sugars etc for materials development may
bring food scarcity if used excessively. It is beneficial to enlighten more uniform and efficient
processes for biomass transformation which can be less dependent on the biomass species and

free from tedious process complexity.

1.5. Thermochemical transformation of biomass

Thermochemical transformation processes cause the biomass components to undergo chemical
changes with the driving force of thermal energy. The products of thermochemical
decomposition of biomass not only provide chemicals for polymer synthesis but also the
fuels.[61] Woody biomass is complex assembly of biomacromolecules, viz., lignin, cellulose
and hemicelluloses, which are oxygenated hydrocarbons.[62] and it has been found that virgin
biomass has several limitations. For a long time, wood has been used by combustion process
to yield heat energy, but it has lower energy density as compared to conventional fuels. To
enhance the energy density, it is needed to reduce the oxygen and water content of virgin

biomass and produce hydrocarbons similar to the ones found in petroleum derivatives. The
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energy density is intensified in the case of thermochemical decomposition products. Depending
on the thermochemical transformation used, the products can be chemically rich with particular
category of compounds, for example, gasification yields syngas; while pyrolysis and

liquefaction yield liquid bio-0il.[63]

1.5.1. Pyrolysis of biomass

Pyrolysis is a process in which biomass is heated at elevated temperatures in the absence of
oxygen. Biomass pyrolysis carries out thermal decomposition of the lignocellulosic
macromolecules and produces non-condensable gases (CO, H: etc.), solid char and
condensable vapors which after condensation, yield liquid product termed as biomass pyrolysis
oil or bio-oil.[64] Bio-oil is a crude mixture of nearly 200 organic compounds or more, most
of which are oxygenated hydrocarbons with molecular weights relatively smaller than
macromolecular components found in biomass.[65] Low molecular weight compounds offer
benefits such as liquid fuels and chemicals. Depending on the process parameters, pyrolysis
can be classified into slow, fast or flash pyrolysis. Slow pyrolysis generally yields solid bio-
char as the major product while flash pyrolysis produces gases predominantly. Fast pyrolysis
process is efficient for producing liquid bio-oil since it yields around 60-75 % of liquid bio-oil
yield.[62] It is carried out at around 500 °C and short vapor residence time (0.5 - 2 s).[66]
Several types of reactors can be used for biomass pyrolysis; bubbling fluidized bed reactor
being the most commonly used on a large scale. Amongst others, transported bed, rotating
cone, entrained flow and ablative pyrolyzers are used. Bubbling fluid bed and circulating fluid
bed reactors are known for high heat transfer rate whereas entrained flow reactor employs lower
heating rates. Circulating fluid bed produces more char than the bubbling fluid bed. Rotating
cone pyrolyzer is a modification of circulated fluid bed with the difference being a rotating,

heated cone designed for pyrolyzing the biomass. Ablative reactors are equipped with high
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shearing heated plates that melt the wood and hence do not require any heat transfer gas.[67]
Ground (less than 2 mm) and dried (less than 10 % water) biomass is fed to the pyrolyzer and
is heated at a rapid rate while ensuring a good heat transfer to biomass particles. The biomass
particles, after pyrolysis reactions, generally yield char and gases which are separated by
cyclones. Of the generated gases, condensable vapors produce liquid bio-0il.[68] Recent
advances have emphasized the use of Auger-type reactor, also considered as alternative reactor
that can be used on lab-scale t00.[69, 70] A schematic of pyrolysis using Auger-type reactor,
and series of condensers is shown in Figure 1.2

Particle

Precipitalor con | con 2 con. 3

Biochar
collecto

H.--EDL ‘:lﬁﬂ

Bio-oil collector

Coolant

Figure 1.2: Auger-type pyrolysis reactor equipped with condensers [70]
[Reprinted with permission from Energy Fuels 28, 11, 6966-6973. Copyright 2014 American

Chemical Society]

Pyrolysis process presents several advantages. Production efficiency of thermal conversion
processes is generally higher than typical biochemical conversion processes due to controllable

parameters such as flow rate, heating rate, residence time etc. Nearly any kind of biomass can
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be fed to pyrolyzer, including waste from forests or agricultural residues. Thus, varying
complicated structures and mixtures of natural polymers are susceptible to thermal breakdown
due to pyrolysis and hence can be successfully converted to a homogeneous mixture of smaller

organic compounds.

1.5.2. Biomass liquefaction

Liquefaction is another important thermochemical transformation process that can be used to
derive liquid bio-oil from biomass. The main process parameters that differentiate liquefaction
from pyrolysis are use of catalyst, solvent and low operating temperature.[71, 72] A brief

comparison between pyrolysis and liquefaction is presented in Table 1.3

Table 1.3: Differentiation between liquefaction and pyrolysis [72]

Process Solvent | Temperature Pressure Product
) (bar)
Direct Liquefaction Yes 150 - 420 <1-240 Organic Liquid
Flash/ Fast Pyrolysis No <500 <1-5

[Adapted with permission from Chem. Eng. Technol. 31, 5, 667-677. Copyright 2008 John
Wiley and Sons.]
Mechanistic studies have reflected that the organic molecules produced after the decomposition
of biomass re-polymerize in different ways in liquefaction and pyrolysis. The decomposition
during liquefaction is catalyzed and follows reactions of organic compounds in liquid media;
whereas pyrolysis process is characterized by uncatalyzed, vapor-phase reactions of organic

molecules.[71] The direct liquefaction process can be beneficial in some cases because drying
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and grinding of biomass may not be necessary. However, the final liquid product from

liquefaction generally has higher moisture content as compared to pyrolysis bio-oil.[73]

1.6. Bio-oil: Properties and characterization

The components in the bio-oil show variation depending on the nature of biomass feed. It is
found that wood biomass yield highest organic yields while the agricultural residues tend to
relatively lower yields due to higher ash content.[74, 75] Lignocellulosic biomass produces
different pyrolysis products from lignin, cellulose and hemicelluloses.[76] Typical degradation

components are shown in Figure 1.3, 1.4 and 1.5.
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[Reprinted with permission from J. Anal. Appl. Pyrol. 105, 55-74. Copyright 2014 Elsevier]
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[Reprinted with permission from J. Anal. Appl. Pyrol. 105, 55-74. Copyright 2014 Elsevier]

Although the crude bio-oil proves to be more efficient than virgin biomass for energy

generation, its applications are limited to boilers and turbines.[77, 78] For making it more

usable, it has to be upgraded in specific ways so that either the calorific value can be enhanced

or the particular fraction can be used as a rich source of chemicals. Enhancement of energy

density is usually achieved by removal of oxygen from the oxygenated hydrocarbons using

metal catalysts through catalytic cracking or hydrotreating.[79, 80] Zeolites have been

intensively studied and used with good results to upgrade bio-oil compounds to
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hydrocarbons.[81-83] Nevertheless, there are many challenges associated with using bio-oil as
fuels. Crude bio-oil has a low heating value as compared to conventional fuels. Upgrading
improves the heating value but increases the cost due to additional process and catalysts
involved. Catalysts are expensive as well as vulnerable to poisoning and thus, great care needs
to be taken for recovery of catalysts. The bio-oil offers additional challenges in storage and
handling due to acidic character, viscosity and instability. It also does not blend with
conventional fuels, thereby eliminating the possibilities of partial replacements. However, bio-
oil is a potential source of multiple chemicals as it has a wider range of organic compounds
than petroleum. Liquid-liquid extractions with addition of solvent to the crude bio-oil can
concentrate the bio-oil with specific chemical categories.[84, 85] Diethyl ether and
dichloromethane are commonly used for extraction of compounds but different solvents can be
used.[86] This leads bio-oil to be a candidate for reservoir of chemicals. Organic compounds
are necessary raw materials in many important applications such as medical, pharmaceutics
and especially, polymers. Most of the objects are made up of polymeric materials. Synthetic
polymers make up domestic vessels, packaging films, building structures, adhesives, paints,
furniture, medical devices, electronics, automotive and aerospace parts, protective clothing,
shields, armors and many more. The molecular structures of polymers can be designed as per
the desired properties and these molecular chains can be built from the components available
in bio-oil.

Bio-oil contains many oxygenated compounds such as alcohol, acid, phenols and hence can be
used to build polymeric structures. Moreover, some structures found in bio-oil are
macromolecular fractions of lignin and resemble polyphenolic resins. As far as bio-oil is
concerned, monomer separation or purification is more of a challenge than monomer synthesis

is. Several researchers have attempted to build polymeric structures from bio-oil components.
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Sibaja et al. have reviewed sustainable polymers from pyrolysis bio-oil.[87] With the help of

hydroxyl functionality, several types of polymers can be developed from single bio-oil source.

1.7. Advances in Polymers from Bio-Oil

1.7.1. Phenol-Formaldehyde polymers

Phenol-formaldehyde resins are categorized into resol and novolac depending on the molar
ratio and reaction conditions. Resols are prepared in basic condition with molar excess of
formaldehyde over phenol whereas novolacs are synthesized in acidic condition with molar
excess of phenol. Resols can be heat cured due to the general presence terminal, self-
condensable methylol groups. Novolac resins are crosslinked by crosslinking agents such as
hexamethylenetetramine at ortho-, para- positions on aromatic rings. Bio-oil contains
substituted monomeric phenols and macromolecular phenolic fractions. With substituent
groups on aromatic rings, derived phenols can show different reactivity towards formaldehyde.
However, the phenolic-rich fraction after separation from whole bio-oil is expected to have
considerably lower price than pure phenol derived from petroleum. This gives a cost-effective
opportunity for producing phenol-formaldehyde resins. Immense research has been done on
phenol-formaldehyde type resins from biomass pyrolysis 0il[88], lignin[89-91] and other types
of bio-derivatives such as cashew nut shell liquid[92-95], vanillin[96] etc. Phenol was partially
replaced by phenolic-rich fraction of the bio-oil to synthesize resol-type phenol-formaldehyde
resins.[97] Resol resins were also attempted by modifying the bark autoclave extractives.[98]
Formate-assisted fast pyrolysis was used to obtain bio-oil, which was reacted with
formaldehyde in acidic medium for preparing novolac-type resins.[99] Most of these bio-oil

derived phenolic resins find application in wood adhesives.
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1.7.2. Epoxy resins

Many researchers have crosslinked epoxy resins with bio-oil obtained from varying sources
and processes. Pyrolysis of loblolly pine was carried out and the subsequent bio-oil was
substituted in conventional epoxy resin formulations before catalyzing with
triphenylphosphine. It was found that the bio-oil had good compatibility with epoxy resin and
was able to process thermoset materials with high glass transition temperature and crosslinking
density.[100] In another attempt of successful replacement, acetone treated blend of bio-oil and
epoxy resin was reacted with diethylenetriamine hardener.[101] The bio-derived substituent
component was obtained from liquefaction process by changing several parameters.[102]
Wood liquefied with polyethylene glycol/glycerol and H2SO4[103, 104], ozone-pretreated
wood liquefied with polyethylene glycol/glycerol and H2SO4[105], bagasse liquefied with
ethylene carbonate[106] were blended with epoxy resins and were cured to yield crosslinked
epoxies. Sibaja[107] and Celikbag et al.[108] carried out direct glycidylation of biomass
pyrolysis oil and biomass liquefaction oil, respectively. It was found that the acidic and
phenolic hydroxyl functionalities can be epoxidized with a two-step glycidylation reaction with

epichlorohydrin under basic conditions.

1.7.3. Polyurethanes

Polyurethane foams with a potential application in car-cushion, have been prepared from fast
pyrolysis oil of wheat straw.[109] Organic extract of bio-oil from ethyl acetate was used along
with polyethylene glycol to react with blend of polymethylene polyphenylene isocyanate and
polymeric diphenylmethane diisocyanate. The resulting foams had a comparable resilience,
tensile strength and tear strength. In a similar study, biomass liquefaction heavy oil was blended

with polyethylene glycol and reacted with diphenylmethane diisocyanate to yield polyurethane
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foams.[110] Foams were also developed by reacting polymeric diphenylmethane diisocyanate
with bio-polyol derived from liquefaction of soybean straw with crude glycerol.[111] Lignin
has been used as direct or indirect reactant in the polyurethane synthesis.[112-115] Microwave-

assisted pyrolysis oil also has been used to prepare polyurethane foams.[116]
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1.8. Research objectives

Pyrolyzed lignocellulosic biomass produces liquid bio-oil, composition of which mainly
depends on the presence of lignin, cellulose and hemicellulose in the biomass. The decomposed
organic compounds dominate their presence in organic phase or aqueous phase depending on
the hydrophilicity and hydrophobicity. A crude bio-oil consists of hundreds of organic
compounds. It is challenging to selectively transform the bio-oil compounds to functional
monomers. The current research is dedicated to produce categories of chemically similar
monomers and polymers using specific organic transformation of the bio-oil. Following
research objectives have been designed in such a way that maximum utilization of bio-oil
components can be made for polymer synthesis. Both phases of bio-oil have been considered
for development of monomers, resins and resulting crosslinked polymers. Bio-oil based
monomers can be a new class of bio-refined monomers for development of thermosetting

networks. Figure 1.6 shows the overview of present research.
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Figure 1.6: Research overview

22



Chapter 2: Semi-interpenetrating bio-novolac/epoxy thermoset polymer networks

In the second chapter, bio-oil was used as replacement of phenol in the production of phenol-
formaldehyde novolac resins. Phenolic resins have been an important class of thermoset
polymers over last 100 years and are synthesized from phenol, a petroleum-based expensive
chemical. Attempts have been made to synthesize bio-oil based phenol-formaldehyde resin
(bio-novolac). Semi-interpenetrating polymer networks from bio-novolac and an epoxy resin
from a-resorcylic acid were developed. Polymerization of epoxy resin from a-resorcylic acid
was initiated by 4-(dimethylamino)pyridine in the immediate presence of prepolymeric bio-
novolac to build the networks. These networks were less dependent on petroleum resources
because of reduced use of phenol as well as no utilization of traditional, petroleum-based

amine/anhydride hardeners for crosslinking epoxies.

Chapter 3: Crosslinked networks of epoxidized bio-novolac and epoxy resins from fast
pyrolysis bio-oil

In the third chapter of this dissertation, bio-novolac and bio-oil were epoxidized to produce
epoxy resins that can compete with conventional epoxidized novolac and bisphenol-A based
epoxy resins. Emphasis was given on epoxidation reactions of several phenolic substrates and
the resulting epoxy resins were crosslinked with conventional amine hardeners. Chemical
characterization and mechanical tests were performed to compare the bio-oil and bio-novolac
based epoxides to petroleum-based analogues. Direct glycidylation of bio-oil and bio-novolac
was aimed to replace bisphenol-A which has health hazards to humans. Additionally, these
systems consume less amount of petrochemicals as compared to commercially available
epoxide systems. Epoxy-amine two component systems are famous and prevalent in many
applications such as surface coatings, adhesives, composites and hence, the systems presented

in this objective attempt to satisfy the epoxy market requirements.
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Chapter 4: High performance cyanate ester resins from biomass pyrolysis oil

In chapter 4, the bio-oil organic phase was derivetized to cyanate ester functionality to obtain
high performance polycyanate ester thermosets. Cyanate esters have proved to possess
extraordinary thermal and thermo-mechanical properties. The cyanation approach gives an
opportunity to produce similar high performance, high-valued materials from a low value bio-
oil. Synthesis of biphenolic compounds from monophenolic compounds is also emphasized for
subsequent cyanation to produce bifunctional cyanate ester monomers. The bifunctionality is

expected to improve the performance of crosslinked cyanate ester networks.

Chapter 5: Crosslinked acrylic polymers from aqueous phase of biomass pyrolysis oil and
acrylated epoxidized soybean oil

Previous objectives have mainly exploited phenolic functionalities present in the organic phase
of bio-oil. In the final chapter, the aqueous phase of bio-oil is considered as the raw material
for monomer synthesis. Bio-oil aqueous phase has significant amount of water (around 50
wt%) and is often treated as a waste stream. Apart from water, it contains aliphatic hydroxy
and phenolic compounds which can be functionalized by reacting with specific reagents.
Methacrylation of hydroxyl groups with methacryloyl chloride offers an opportunity to
incorporate polymerizable C=C groups. Crosslinking of the methacrylated bio-oil with
acrylated epoxidized soybean oil is also considered for tuning the properties while maintaining

the sustainability.
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Chapter 2

Bio-novolac/epoxy semi-interpenetrating polymer networks (semi-1PN)

2.1. Introduction

Increased scientific attention to the use of biomass is due to an increased demand for alternate
resources for energy and materials. In anticipation of an increasing gap between supply and
demand of petroleum, the market has been inclined to perform more research on the better
utilization of biomass. Biomass is advantageous because it is abundant, renewable and carbon-
neutral. There are opportunities to modify the biomass components for the production of the fuels,
chemicals and materials.[1] In order to reduce the complexity of the biomass and to make it more
efficiently usable for fuels and chemicals, various thermochemical and bio-chemical conversion
processes have been developed. Pyrolysis, a thermochemical conversion process carried out in the
absence of oxygen and at high temperature (around 500 °C), is beneficial in terms of producing
high yields of the liquid fraction, i.e. bio-oil.[2] When a high heating rate and short vapor residence
time is used, the pyrolysis process is termed fast pyrolysis.[2-4] Bio-oil contains different classes
of organic compounds such as sugars, phenolic oligomers and monomers, aldehydes, carboxylic
acids, alcohols, ketones and furans [5] which can be utilized as monomers for polymer synthesis.
In particular, crosslinked thermosetting polymers offer versatility by providing a wide range of
properties such as high chemical resistance, heat resistance, high tensile strength and modulus,

high glass transition temperature etc, due to the crosslinked structure.[6] Traditionally, crosslinked
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structures are built by grafting polymeric chains by crosslinking agent to form a continuous
network. In case of traditional phenol-formaldehyde systems, oligomeric phenol-formaldehyde
resin is synthesized by reaction of phenol and formaldehyde. The oligomeric resin is further
crosslinked either by heating or by reacting with crosslinking agents such as
hexamethylenetetramine. Epoxy systems are another famous example of crosslinkable polymers
in which oligomeric/prepolymeric epoxide is reacted with amine, anhydride hardeners to yield a
crosslinked material. Depending on crosslinking conditions, the grafts joining polymer chains can
arise from crosslinking agents (amine, anhydrides for epoxides; and hexamethylenetetramine for
phenol-formaldehyde) or from the polymer itself (unreacted functional groups of the oligomeric
phenol-formaldehyde resin). An interpenetrating polymer network (IPN) can be formed with two
or more polymer networks of which at least one of the networks is crosslinked in the presence of
the other either simultaneously or sequentially.[7, 8] In such cases, networks are not grafted to
each other at all crosslinking sites; rather their chains are entangled at the molecular level.
Similarly, a semi-interpenetrating polymer network (semi-IPN) is a result of one polymer network
crosslinked in the presence of a linear or branched, non-crosslinked polymer. IPNs offer benefits

in terms of synergism of the properties of two individual polymer networks.[9, 10]

Phenol-formaldehyde and epoxy have been very important thermosetting resins due to their high
market share and diverse applications such as adhesives, coatings, industrial laminates, abrasive
materials.[11] Phenol is the precursor of phenol-formaldehyde resins and it is derived from
petroleum. Phenol can be replaced by naturally occurring compounds and thus, modified phenol-
formaldehyde resins can be developed. An example of naturally occurring substituted phenol is
cardanol which can be extracted from cashew nut shell liquid. Synthesis and characterization of

cardanol-based phenolic resins were studied by several researchers.[12-15] Vanillin, another
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naturally occurring substituted phenol, was co-reacted with furfural and 4-methylacetophenone in
acidic medium to yield a bio-based phenol-formaldehyde resin.[16] Varying types of lignin were
reacted, without further modifications, with phenol and formaldehyde to produce lignin-phenol-
formaldehyde novolac resins.[17] Lignin is a natural polymer found in plant biomass and forms
hemicellulose-lignin modules which bind the cellulose microfibrils bundles, thereby providing
strength to the plant cell walls.[18] Lignin is composed of polyphenolic, macromolecular, complex
structure[19, 20] capable of breaking down to oligophenolic molecular structures that can be re-
polymerized to a more specific phenol-formaldehyde type skeleton. Bio-based phenolic foams
were prepared by using hydrolysis lignin depolymerized by a low temperature and low pressure
method.[21] Since pyrolysis and liquefaction can be often used to break down lignin along with
cellulose and hemi-cellulose, mono-phenols or oligophenolic structures can be found in the liquid
bio-oil. Phenol was partially replaced by phenolic-rich fraction of the bio-oil to synthesize resol-
type phenol-formaldehyde resins.[22] In addition, resol resins were also attempted by modifying
the bark autoclave extractives.[23] In another study, formate-assisted fast pyrolysis was used to
obtain bio-oil which was reacted with formaldehyde in acidic medium for preparing novolac-type
resins.[24] Effendi et al. have critically reviewed the phenolic resins produced by thermochemical

conversion of plant biomass.[25]

Epoxy resins are polymeric materials utilized in many applications; and have competed with
phenolic resins for a long period. Tremendous amount of research has been carried out on epoxy
resins and their applications. There is a versatility to design molecular structures of prepolymeric
epoxides and curing agents; and hence, the properties can be altered accordingly. Epoxy resins
most commonly appear as diglycidyl ether of bisphenol-A (DGEBA) and its oligomers, all of

which are synthesized from bisphenol-A (BPA) and epichlorohydrin.[26, 27] Bisphenol-A is not
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only a petroleum-derived compound but also can affect human health.[28] In an attempt to avoid
the use of bisphenol-A, epoxy resins have been successfully derived from fatty acid triglycerides
present in vegetable plant oil. Fatty acid chains of several oils such as soybean oil, linseed oil, tung
oil, dehydrated castor oil contain unsaturation and can be derivatized to oxirane functionality.[29,
30] These resin structures are mainly composed of aliphatic chains due to the involvement of
aliphatic acids. Absence of aromaticity can result in reduced mechanical performance.[6] Aromatic
moieties from bio-based resources have been successfully introduced in epoxy resins by
epoxidizing phenolic hydroxyl groups appearing in bark extractives[31, 32], tannins[33], biomass
pyrolysis 0il[34] and hydrothermal liquefaction o0il.[35] Our previous work focused on the
synthesis and evaluation of thermoset networks of epoxy resin derived from 3,5-dihydroxybenzoic
acid.[36, 37] With a more commonly accepted name, a-resorcylic acid, it is a monocylic aromatic
monomer naturally occurring in red sandalwood, hill raspberry, chickpeas and peanuts.[38] In
comparison with bisphenol-A that has two aromatic rings per molecule, the reduction of
hydrophobic content per molecule due to the single aromatic ring may decrease the binding
tendency of a-resorcylic acid to estrogen receptor.[28] Decreased interaction with the receptor and
natural occurrence of a-resorcylic acid can potentially make it to be a replacement of bisphenol-
A. The resulting epoxy resin, with three epoxide rings per molecule, offers the advantage of having
a low epoxy equivalent weight (hence, a high epoxy content) and low viscosity.[36, 37] The
present work is mainly focused on developing interpenetrating networks of bio-oil based novolac

polymers and epoxy resins derived from a-resorcylic acid.
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2.2. Experimental section

2.2.1. Materials

Fast pyrolysis bio-oil derived from hardwood was obtained from Red Arrow, USA. Phenol
(detached crystals, 99%), formalin solution (37% w/w), acetone, methanol, sodium hydroxide, (£)-
epichlorohydrin (99%), 3,5-dihydroxybenzoic acid, chromium(l11)acetyl acetonate, N-hydroxy-5-
norbornene-2,3-dicarboximide (NHND), deuterated chloroform were purchased from VWR
International. 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) was ordered from
Sigma Aldrich. Oxalic acid, anhydrous, was supplied by Spectrum Chemical Mfg. Corp.
Benzyltriethylammonium chloride was obtained from TCI. 4-(Dimethylamino)pyridine (DMAP)

(prilled, 99%) was obtained from Beantown Chemical.

2.2.2. Methods

2.2.2.1. Characterization of fast pyrolysis bio-oil

Fast pyrolysis bio-oil contained water which was removed by using rotary evaporator. After
removal of water, the chemical composition of bio-oil was qualitatively analyzed by Gas
Chromatography-Mass Spectroscopy (GC-MS) according to procedure reported.[39] Around 0.5
g of bio-oil was diluted with 12 mL of methanol and mixed well. A split ratio of 20:1 was set for
injecting 1 pL of diluted bio-oil into a DB-1701 column equipped to an Agilent 7890 GC/5975MS.
The hydroxyl (OH) content of bio-oil was quantitatively measured by *'P-NMR spectroscopy as
per the procedure mentioned.[40] The stock solution was prepared by dissolving 40 mg of NHND
and 40 mg of chromium(IIl)acetyl acetonate in the mixture of 6 mL pyridine and 4 mL deuterated
chloroform. Approximately 20 mg of bio-oil was dissolved in 500 pL of stock solution. 150 pL of
TMDP was added to the mixture to phosphitylate the hydroxyl groups in bio-oil. The sample was
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then transferred to the NMR spectroscopy tube and the spectrum was acquired with a Bruker
Avance I 250 MHz spectrometer using inverse gated decoupling pulse sequence, 90-degree pulse

angle, 25 s pulse delay and 128 scans.

2.2.2.2. Synthesis of novolac and BioNovolac resins

Novolac resin (phenol-formaldehyde resin synthesized with molar excess of phenol over
formaldehyde in acidic medium) was synthesized as per the procedure described in the literature.
[41] The molar ratio of phenol to formaldehyde was kept constant at 1:0.8 for all resin
formulations. Oxalic acid (0.0522 per mol of phenol) was added to the reaction flask and the
temperature was raised to 90 °C. The calculated amount of formaldehyde aqueous solution
(formalin, 37 %) was added dropwise to the constantly agitated reaction mixture and the reaction
was continued at 90 °C for next three hours. BioNovolac resins were synthesized by the same
procedure, replacing phenol with bio-oil in varying proportions. A specific amount of phenol was
replaced by bio-oil on weight basis (10 %, 50 %), and the oxalic acid was added to the physical
blend of fast pyrolysis bio-oil and phenol. The progress of reaction was monitored by Fourier
Transform Infrared (FTIR) spectroscopy. The synthesis routes and the structures of Novolac and

BioNovolac resins are shown in Figure 2.1.
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Figure 2.1: Synthesis of (a) Novolac resin, (b) BioNovolac resin.

2.2.2.3. Synthesis of glycidyl 3,5-diglycidoxybenzoate (GDGB)

In order to carry out glycidylation of a-resorcylic acid, the procedure was used as per the literature.
[33, 42] Epichlorohydrin (4 M eg/OH) was added to RA and the temperature was raised to 100 °C.
Benzyltriethylammonium chloride (0.012 M eq/OH) was added as the phase transfer catalyst. The
reaction was carried out for 1 hour to produce chlorohydrin intermediate and the reaction mixture
was cooled down to 30 °C. An aqueous solution of sodium hydroxide (2 M eq/OH) was added
along with the same previous amount of benzyltriethylammonium chloride and the reaction was
continued for 90 minutes. The organic layer was separated and washed with water to remove the
salt. The product was further purified by removing unreacted epichlorohydrin at 90 °C under

reduced pressure by rotary evaporation. A stepwise synthesis of GDGB is depicted in Figure 2.2.
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Figure 2.2: Glycidylation of a-resorcylic acid.

2.2.2.4. Determination of epoxy equivalent weight (EEW)

The epoxy equivalent weight was measured by the hydrogen bromide-glacial acetic acid solution
method. Around 0.3-0.4 g of sample was taken in a 50 mL Erlenmeyer flask and 10 mL acetone
was added to it. The contents of the flask were stirred well so as to dissolve GDGB sample in
acetone. Just before the titration, a drop of crystal violet indicator solution (1 g/L, in glacial acetic
acid) was added and the contents were titrated with 0.1 N HBr-glacial acetic acid solution until the
end point “blue-green color” persisted for 30 seconds. The epoxy equivalent weight (EEW) was
calculated as per the following equation:

1000 x (wt. of sample)

EEW =
NxV

where, N= Normality of HBr-glacial acetic acid solution

V=Volume of HBr-glacial acetic acid solution required to titrate the sample

2.2.2.5. Crosslinking of thermoset polymer networks
GDGB was crosslinked in the physical presence of BioNovolac polymers. Varying amounts of

10% BioNovolac and 50% BioNovolac were separately blended with GDGB before curing. All
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thermoset systems were prepared by crosslinking with 0.08 mol of 4-(dimethylamino)pyridine
(DMAP) per epoxide. Anionic addition polymerization of epoxides by DMAP is reported
elsewhere.[43] The initiator quantities required are considerably less as compared to that of amine
hardeners traditionally used for curing epoxides and help to reduce the overall consumption of
petroleum-derived compounds. The curing procedure consisted of heating the samples in
aluminum molds in a conventional oven at 60 °C for 2 hours followed by 80, 90, 100, 120, 140 °C

for 1 hour each and finally at 165 °C for 15 minutes.

2.2.2.6. FTIR spectroscopy

Novolac, BioNovolac and GDGB were analyzed by Fourier transform infrared (FTIR)
spectroscopy which was performed with attenuated total reflection (ATR) method using Thermo
Scientific Nicolet 6700 FT-IR spectrophotometer and OMNIC 7.3 software. The spectra were
collected in the wavenumber range 400 cm™ to 4000 cm™ at a resolution of 4 cm™ and 40 scans.
Cured thermosets were also analyzed by FTIR spectroscopy to confirm several phenomena such

as ring opening of epoxides, grafting of polymeric chains and semi-IPN formation.

2.2.2.7. Evaluation of thermo-mechanical performance

Dynamic mechanical analysis is generally used to observe the viscoelastic region of the polymeric
system. A cyclical strain is applied while increasing the temperature and the dynamic mechanical
moduli are measured. The storage modulus is indicative of the energy stored elastically while the
loss modulus is the characteristic energy lost via heat.[44] The tangent of the phase angle between
cyclic strain and cyclic stress, or in other terms, the ratio of loss modulus to the storage modulus

is termed as tan §, the maximum of which appears generally at the glass transition temperature of
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the polymeric system. Therefore, this technique can be used to measure the glass transition
temperature of the crosslinked systems. In the current study, a three-point bending geometry was
used with a TA Instruments RSAIIl Dynamic Mechanical Analyzer, on the samples with
approximate dimensions of 25 x 10 x 3 mm. A constant strain of 0.1 % and cyclic frequency of 1
Hz was applied while increasing the temperature from 25 °C to 200 °C at 10 °C/min. The storage
modulus and tand were plotted against temperature and the glass transition temperature was
measured at the maximum tand. The active chains density was calculated by the following equation

El

"= 3RT

where E’ is storage modulus (Pa) at the temperature T

T is (glass transition temperature +50) expressed in Kelvin, and

R is the universal gas constant, 8.314 Jmol K

Differential scanning calorimetry was used to observe the glass transition temperature of the
crosslinked polymer networks. The temperature was increased from 20 °C to 200 °C by the heating
rate 10 °C/min, reduced from 200 °C to 20 °C by the cooling rate 20 °C/min and was again
increased to 200 °C by the heating rate 10 °C/min

For all crosslinked thermoset systems, Soxhlet extraction was carried out with a refluxing action
of 200 mL dichloromethane for 24 hours. After extraction, the residual solids were dried and
weighed. Then mass retained was calculated by the following equation:

_ Weight of dried solids after extraction
Mass retained (%) = Initial weight of solids * 100
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Crosslinked systems of GDGB and 50% BioNovolac were analyzed under scanning electron
microscope. The samples were immersed in liquid nitrogen and then cut to observe the cross-

sections. All samples were sputter-coated with gold before SEM analysis.

2.2.3. Results and discussion

2.2.3.1. Characterization of fast pyrolysis bio-oil

The peaks detected during GC-MS characterization of bio-oil, and corresponding compounds were

identified using NIST (National Institute of Standards and Technology) mass spectral library and

are depicted in Figure 2.3.
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Figure 2.3: Compositional analysis of bio-oil by GC-MS.

3IP-NMR spectroscopy was successfully carried out to measure the total hydroxyl content as 5.80

mmol OH/g. The details of specific groups are shown in Table 2.1 and Figure 2.4.
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Table 2.1: Hydroxyl content determined by *'P-NMR spectroscopy

Hydroxyl Range Hydroxyl Content
Type (ppm) (mmol/g)
Aliphatic OH 150.00-145.50 3.58 3.58
C-5 substituted B-5 144.70-142.80 0.38
condensed 4-0-5 142.80-141.70 0.33
phenolic OH 5-5 141.70-140.20 0.26
Phenolic |  Guaiacyl phenolic OH 140.20-139.00 0.31 171
OH Catechol type OH 139.00-138.20 0.33
p-hydroxy-phenyl OH 138.20-137.30 0.10
Acidic OH 136.60-133.60 0.51 0.51
Total 5.80
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Figure 2.4: 3'P-NMR spectrum of bio-oil

133

With the help of GC-MS and 3!P-NMR spectroscopy, monocylic phenolic compounds and

phenolic hydroxyl groups were observed which led to a confirmation of presence of substituted

phenols that might have formed after depolymerization of lignin during pyrolysis. Aliphatic

alcohols, aldehydes, ketones, carboxylic acids and levoglucosan were also identified using GC-

MS. Further, 3!P-NMR spectroscopy showed the presence of aliphatic hydroxyl and acidic

hydroxyl groups, indicating that compounds other than substituted aromatics were present due to

the decomposition of cellulose and hemicelluloses during pyrolysis.
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2.2.3.2. Characterization of BioNovolac resins
Figure 2.5 shows the FTIR spectra of BioNovolac and Novolac resins. The same peaks with
varying intensities were observed in all the spectra, which confirmed that the synthesis of

BioNovolac resin followed a similar reaction pathway than the novolac resin.
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Figure 2.5: FTIR spectra of (a) novolac (b) 50% BioNovolac and (c) bio-oil. Notes: ar —

aromatic, ph — phenolic, oop — out of plane bending, al — aliphatic
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The decreasing intensity of the peaks corresponding to the bonds C=C (ar), C-O (ph) and =C-H
(oop), with increasing bio-oil content is attributable to the reduction in total phenolic content of
bio-oil/phenol blend. The bio-oil is not only comprised of substituted phenols but also contains
many other organic compounds observed in GC-MS results. (Refer Figure 2.3). Formation of
phenol-formaldehyde network is carried out by the selective reaction of formaldehyde at ortho and
para sites of phenol and substituted phenols.

The progress of reaction of Novolac, 10% BioNovolac and 50% BioNovolac was observed using
a peak at 755 cm™ that reflects the aromatic C-H out of plane vibration band. The intensity of the
peak reduced with time due to the formation of C-C bond at ortho/para positions. The extent of

conversion of phenolic monomers, X, is calculated by the equation reported in the literature.[45]

peak height at time t
xe=(1-2 ) x 100
initial peak height

Figure 2.6 contains the plot of the extent of conversion of phenolic monomers with time. The
extent of conversion of phenolic monomers in all three reactions had a similar trend.
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2.2.3.3. Characterization of glycidyl 3,5-diglycidoxybenzoate (GDGB)
FTIR spectroscopy of GDGB has been carried out extensively and led to the detection of several

important peaks. Figure 2.7 displays FTIR spectra of a-resorcylic acid and GDGB.
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Figure 2.7: FTIR spectra of (a) a-resorcylic acid, (b) GDGB

A broad peak at 3188 cm™ present in a-resorcylic acid, corresponding to O-H stretching vibrations
disappeared in the spectrum of GDGB due to the conversion of one carboxyl and two hydroxyl
groups into glycidyl functionality. Epoxide ring formation was confirmed by the epoxide ring

deformation bands at 906 cm™ (asymmetric) and 845 cm™ (symmetric). Two bands that appeared

due to C-O-C stretch were also observed at 1225 cm™ (asymmetric) and 1043 cm™ (symmetric).
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GDGB showed peaks responsible for C=C bonds in aromatic ring and C=0 bond. The EEW for
GDGB was experimentally found to be 106.83 + 3.02 g/eq which was comparable to the value

reported earlier by Sibaja et al.[36]

2.2.3.4. Network Formation
The epoxy ring can be opened via nucleophilic attack by electron-rich nitrogen atom of DMAP as

shown in Figure 2.8.
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Figure 2.8: Crosslinking of GDGB by DMAP
54



Opening of the ring is followed by formation of an alkoxide anion, which attacks another epoxy
ring, thereby creating a new alkoxide ion. In addition, the successive epoxy monomers lead to a
chain reaction — anionic polymerization of epoxides. In the case of GDGB that has three epoxy
rings, a three-dimensional network is formed by anionic polymerization. Figure 2.8 also depicts
the structure of cured GDGB network in which R is itself a macromolecular repeating unit and “I”’

is the DMARP initiator fragment.

When BioNovolac is present along with GDGB, additional reaction can occur in which the DMAP
initiator abstracts phenolic proton resulting in the formation of phenoxide anion which can open
the epoxy rings. (Refer Figure 2.9) The BioNovolac chains can be grafted to GDGB network.

These reactions were observed with FTIR and are discussed in the next section.

Iy

Figure 2.9: Grafting of BioNovolac and GDGB networks
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In the cured GDGB-50%BioNovolac (50:50), opening of epoxy rings was confirmed by the
disappearance of the epoxide ring deformation bands at 906 cm™ (asymmetric) and 845 cm™
(symmetric) as shown in Figure 2.10. It also depicts a peak corresponding to 1652 cm™ due to

overlap of vinylidene groups formed by chain transfer and iminium group resulted from DMAP.
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Figure 2.11 explains a general mechanism of intramolecular chain transfer. During chain transfer
reactions, an initiator fragment can be detached to form an anion which can lead to further ring

opening and a vinylidene group can be formed on the dead chain.
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Figure 2.11: Species responsible for IR peak at 1652 cm™ in cured networks

FTIR spectroscopy was used to observe the effect of DMAP on curing BioNovolac. Spectra of
uncured BioNovolac were compared to the spectra of heated BioNovolac with and without
addition of DMAP. In Figure 2.12, the peak near 1647.7 cm™ can be attributed to formation of
iminium ion discussed in previous section, while the peak corresponding to 1562.4 cm™ is due to
amine N-H of DMAP. The peak observed at 1362.7 cm™ was contributed by in-plane bending of
phenolic C-O-H groups and disappeared only in case of BioNovolac + DMAP combination since

phenolic protons were abstracted by excess DMAP.
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Figure 2.12: Curing of 50%BioNovolac, with and without DMAP

However, in presence of GDGB, all phenolic hydroxyl groups are generally not converted to
phenoxide anions due to competing reaction of initiator and epoxy. Such a combination of
competing reactions leads to the formation of a semi-interpenetrating polymer network in which

BioNovolac polymer chains are grafted only at several points to the densely cured GDGB network.

2.2.3.5. Evaluation of thermo-mechanical performance

With increasing amount of GDGB, storage moduli and glass transition temperatures of the cured
systems enhanced. GDGB content was increased from 0 to 100 wt% by an interval of 25 wt%. It
was observed that the GDGB-10% BioNovolac samples with 10% BioNovolac content more than
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50 wt%, were brittle enough to be unable to be tested with DMA. Similar brittleness was observed
for GDGB-50% BioNovolac samples with 50% BioNovolac content more than 75 wt%. The glass
transition temperatures measured by DSC showed an increase with increasing the GDGB content,
and followed the same trend indicated by the glass transition temperatures measured by DMA.. Fox
equation was used to predict the glass transition temperature profile and the experimental values

were found to be in agreement with the predicted values. (Refer Figure 2.13)

1 _ fapcs fBioNovolac

Tg, predicted Tg, GDGB Tg, BioNovolac

where, f = weight fraction

Tg = glass transition temperature, K
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Figure 2.13: Glass transition temperature of semi-IPNs with (a) 10% BioNovolac (b) 50%

BioNovolac
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Table 2.2 lists the values of glass transition temperature, storage modulus, active chains density
and mass retained for the thermoset networks. The glass transition temperature was measured by
DMA (tan 6 peak) as well as DSC (change in the slope of heat flow). It was observed that the
active chains density decreased with decreasing GDGB content. Increasing bio-content of
BioNovolac improved active chain density. This is probably due to the impact of the polymeric
structure of lignin fragments present in the bio-oil on the BioNovolac properties. The mass retained
was more than 75 % for all the systems with most being in the range 88-99 %, after 24 hours of
extraction with dichloromethane.

Table 2.2: Thermo-mechanical properties of thermosets (* = too brittle to be tested with DMA)

System Tq (°C), Tq (°C), E’ Active Mass
DMA DSC (GPa) Chains (%)
at room Density, | Retained
temperature | n (mol/m?3)
GDGB 161 161 1.78 13721 9

GDGB:10% BioNovolac

75:25 125 128 1.88 2759 89
50:50 109 106 1.15 1119 93
25:75 * 94 * * 79
10% BioNovolac * 58 * * 80

GDGB:50% BioNovolac

75:25 139 138 2.59 6355 99
50:50 104 106 2.65 1793 98
25:75 100 92 0.30 31 96
50% BioNovolac * 70 * * 78
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2.2.3.7. Morphology

Figure 2.14 includes the comparison of morphology of three systems (GDGB-50%BioNovolac)
with varying ratios. The samples show similar fracture lines at the cross-sections, with negligible
phase separation observed. Maximum brittle lines were observed in case of cured GDGB. The
brittle lines decreased with increasing amount of 50%BioNovolac. In other words, brittleness
reduced with increasing 50%BioNovolac content due to reduction in the active chains density.

This phenomenon was in agreement with the observed thermo-mechanical results too.
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2.3. Conclusions

It can be concluded that the compounds present in the fast pyrolysis bio-oil can be selectively
polymerized to phenol-formaldehyde polymers - BioNovolac resins. BioNovolac can be blended
homogeneously with GDGB, a resin that is not derived from bio-oil, and hence proves the
compatibility of complex structured, high molecular weight BioNovolac with a simple, low
molecular weight GDGB. GDGB can be densely crosslinked via anionic polymerization route;
however, BioNovolac polymers cannot be homo-linked by DMAP. Nevertheless, the graft points
between BioNovolac and GDGB networks prove that it is a semi-interpenetrating polymer network
in which long chains of BioNovolac are interpenetrated in the presence of GDGB polymer
network. The crosslinked networks show high thermo-mechanical performance and high glass
transition temperatures. It is also important to note that the utilization of fast pyrolysis bio-oil, a-
resorcylic acid and anionic polymerization initiator reduced the amount of petroleum-derived
compounds. Since phenol was partially replaced in the synthesis of BioNovolac and bisphenol-A

was not used at all, the thermoset networks are expected to have reduced toxicity concerns.
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Chapter 3

Crosslinked networks from epoxidized bio-novolac and epoxidized bio-oil

3.1. Introduction

Epoxy resins are important thermosetting polymers due to their versatile applications in coatings,
adhesives, composites and electronics industry.[1] General characteristics such as aromatic
structures and macromolecular network formation after crosslinking offer excellent chemical,
mechanical and electrical properties to epoxy systems.[2] Using novolac resin as a precursor of
epoxy resins has been a great choice as it improves the thermo-mechanical performance of epoxies
due to higher hydroxyl functionality and additional properties of novolac polymers.[3] Novolac
resins are traditionally made by reacting phenol and formaldehyde with a molar excess of phenol
over formaldehyde in acidic medium. With a strong aromatic backbone, they offer high solvent,
heat and water resistance. They possess enhanced thermal properties, mechanical performance and
good dimensional stability.[4, 5] Nevertheless, all epoxy and epoxidized novolac resins
commercially utilized are derived from petrochemicals. Concerns over petroleum resources have
caused a greater need for technological advances in biomass conversion. Specific types of
biomass-derived compounds such as plant oils have been used for synthesizing epoxy monomers
and polymers.[6-8] Historically, the plant biomass was often used to deliver energy by direct
combustion processes, but this method provided limited energy due to its lower heating value than

other petroleum based fuels.[9] Over a long period of time, plant and animal biomass had been
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converted to fossil fuels by natural processes. Although there are several challenges to bio-refining
of plant biomass in an efficient manner,[10] thermo-chemical transformations such as fast
pyrolysis have been successful in producing a mixture of diverse functional organic compounds.[9,
11, 12] This mixture is termed as bio-oil and generally contains oxygenated aliphatic and aromatic
hydrocarbons.[13] Reactive functional groups of organic compounds can be derivetized to produce
monomers or oligomers, which further can be polymerized to yield polymers. Since pyrolysis and
liquefaction can be often used to break down lignin along with cellulose and hemi-cellulose, mono-
phenols or oligophenolic structures can be found in the liquid bio-oil. Phenol derivatives from bio-
oil have been used in several ways to produce phenol-formaldehyde polymeric materials.[14-16]
Biomass-based phenolic foams were prepared by using hydrolysis lignin depolymerized by a low
temperature and low pressure method by Li et al.[17] Pan synthesized novolac and resol-type
phenol-formaldehyde polymers from organic solvent liquefied biomass.[18] Similar approaches
on the production of epoxides from bio-oil and biomass have been well documented, and have
been discussed in chapter 1. In the current study, the resins were also blended with a previously
studied, epoxy oligomer produced from a-resorcylic acid to observe the effect of low viscosity and
molecular weight epoxide on the final properties. The resulting resins can be aimed for replacing
traditional epoxy matrices in composite applications and as binders in coatings and adhesives.
These resins can be crosslinked with hardeners to build high performance thermosetting networks.

Crosslinked bio-thermosets in this study were also compared to crosslinked traditional thermosets.
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3.2. Experimental section

3.2.1. Materials

Fast pyrolysis bio-oil derived from hardwood was obtained from Red Arrow, USA. Phenol
(detached crystals, 99%), formalin solution (37% w/w), acetone, methanol, sodium hydroxide, (£)-
epichlorohydrin (99%), 3,5-dihydroxybenzoic acid (o-resorcylic acid), chromium(lll)acetyl
acetonate, N-hydroxy-5-norbornene-2,3-dicarboximide (NHND), deuterated chloroform were
purchased from VWR International, USA. 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(TMDP) was ordered from Sigma Aldrich. Oxalic acid, anhydrous, was supplied by Spectrum
Chemical Mfg. Corp. Benzyltriethylammonium chloride was obtained from TCI. EPON 828, an
epoxy resin based on bisphenol-A, was provided by Momentive, USA. Jeffamine T-403, a

polyetheramine-based epoxy hardener, was ordered from Huntsman, USA.

3.2.2. Methods

3.2.2.1. Characterization of fast pyrolysis bio-oil

Water from fast pyrolyis bio-oil was removed by a rotary evaporator at 60 °C under reduced
pressure. The bio-oil was qualitatively analyzed by Gas Chromatography-Mass Spectroscopy
(GC-MS) as per the procedure described in chapter 2. Around 0.5 g of bio-oil was diluted with 12
mL of methanol and mixed well. A split ratio of 20:1 was set for injecting 1 pL of diluted bio-oil
into a DB-1701 column equipped to an Agilent 7890 GC/5975MS.

31p_nuclear magnetic resonance (3*P-NMR) spectroscopy was used to measure the hydroxyl
number and quantify different categories of hydroxyl groups present in the bio-oil using
phosphitylation procedure described in chapter 2. The stock solution was prepared by dissolving

20 mg of NHND and 20 mg of chromium(l1l)acetyl acetonate in the mixture of 3 mL pyridine and
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2 mL deuterated chloroform. To the pre-weighed bio-oil amount (approximately, 20 mg), 550 uL
of stock solution was added and the vial was stirred. TMDP (150 pL) was added to the mixture
and the vial was stirred well to make sure no precipitates were formed. The sample was transferred
to the NMR spectroscopy tube and the spectrum was acquired with a Bruker Avance 11 250 MHz
spectrometer using inverse gated decoupling pulse sequence, 90-degree pulse angle, 25 s pulse
delay and 128 scans.

Fourier transform infrared (FTIR) spectroscopy was performed with attenuated total reflection
(ATR) method using Thermo Scientific Nicolet 6700 FT-IR spectrophotometer and OMNIC 7.3
software. The spectra were collected in the wavenumber range 400 cm™ to 4000 cm™ at a
resolution of 4 cm™ and 40 scans. Same parameters were used for collecting FTIR spectra of all

materials discussed henceforth.

3.2.2.2. Synthesis of novolac and bio-novolac resins

Novolac and bio-novolac resins was synthesized as per the procedure described in the chapter 2.
For synthesizing bio-novolac resin, phenol was replaced by 50 wt% bio-oil and co-reacted with
formaldehyde. The progress of reaction was monitored by FTIR spectroscopy. The hydroxyl

number of the novolac and bio-novolac resins was measured by *'P-NMR spectroscopy.

3.2.2.3. Synthesis of epoxy resins

Epoxy resins were synthesized from four different phenolic substrates, i.e., bio-oil, novolac, bio-
novolac and a-resorcylic acid. A two-step glycidylation method reported in the literature was
followed.[19, 20] Desired amount of phenolic monomer was taken in a glass reactor and

epichlorohydrin equivalent to 4 M eq/OH was added to it. The temperature was raised to 100 °C
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while continuous stirring and benzyltriethylammonium chloride (BnEtsNCI), a phase transfer
catalyst, was added (0.012 M eg/OH). Reaction was carried out for 1 hour at 100 °C, and then the
temperature was allowed to fall to 30 °C. In the second step, a mixture of BnEtsNCI (0.012 M
eq/OH) and 20 wt% aqueous solution of sodium hydroxide (2 M eg/OH) was added dropwise to
the reaction mixture maintained at 30 °C while stirring. After the addition was completed, the
reaction was continued for 90 minutes at 30 °C. The organic layer was washed several times with
water to remove salt. Unreacted epichlorohydrin that might be present in the organic layer was
distilled off by rotary evaporation under reduced pressure and at 90 °C. Epoxy resins were named
as epoxidized bio-oil (EBO), epoxidized novolac (EN), epoxidized bio-novolac (EBN) and
glycidyl 3,5-diglycidoxybenzoate (GDGB). *P-NMR spectra of EBO, EN and EBN were
collected as per the method described earlier in this study. Stepwise synthesis of epoxy resins is
described in Figure 3.1. Epoxy resins were analyzed by FTIR spectroscopy and the epoxy
equivalent weight (EEW) was measured by the hydrogen bromide-glacial acetic acid solution

method described in chapter 2.

3.2.2.4. Crosslinking of epoxy resins
Epoxy resins and their physical blends were mixed with calculated amount of Jeffamine T-403.
The following equation was used while calculating the required amount of Jeffamine T-403, W;

W

= X
EEW AHEW

W
where,
WE = amount of epoxy resin

AHEW = Amine hydrogen equivalent weight, is the weight of amine hardener containing one

equivalent of amine hydrogen
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Figure 3.1: Glycidylation of phenolic substrates
All resin mixtures were added to Teflon molds and heated in conventional oven at 60 °C for 2

hours followed by 80, 90, 100, 120, 140 °C for 1 hour each and finally at 165 °C for 15 minutes.

75



3.2.2.5. Evaluation of thermo-mechanical performance

For assessing thermo-mechanical properties of crosslinked samples, three-point bending geometry
was used using a TA Instruments RSAIIl Dynamic Mechanical Analyzer, with approximate
sample dimensions of 30 x 10 x 3 mm. The constant strain of 0.1 % and oscillating frequency of
1 Hz was applied while increasing the temperature from 25 °C to 200 °C at 10 °C/min. Storage
modulus and tand were plotted against temperature and the glass transition temperature was
measured at the maximum tand. The active chains density was calculated using the value of storage
modulus in the rubbery plateau, at the temperature 50 °C higher than glass transition temperature

of the sample.

3.2.2.6. Other techniques
Differential scanning calorimetry (DSC) was used to observe the glass transition temperature of

the crosslinked polymer networks by using a heat-cool-heat temperature program.

Soxhlet extraction was carried out with 200 mL dichloromethane (continuously refluxed) for 24
hours. After extraction, the residual solids were dried and weighed. The mass retained after drying

the samples was compared.

Crosslinked thermoset systems were analyzed under scanning electron microscope. The samples

were immersed in liquid nitrogen and then cut to observe the cross-sections. All samples were

sputter-coated with gold before SEM analysis.
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3.2.3. Results and discussion

3.2.3.1. Characterization of fast pyrolysis bio-oil

Using GC-MS, it was observed that the bio-oil consisted of substituted phenols, carboxylic acids,
hydroxyaldhydes, hydroxyketones, alcohols and monosaccharides. The total hydroxyl content of

bio-o0il measured by 'P-NMR spectroscopy was 5.80 mmol OH/g.

3.2.3.2. Characterization of bio-novolac resins

FTIR spectroscopy of both novolac and bio-novolac resins confirmed the appearance of peaks at
3300 — 3200 cm™ (O-H stretch), 3013 cm™ (sp? C-H stretch), 1612 — 1435 cm™ (aromatic C=C
stretch), 1229 cm™ (phenolic C-O stretch) and 755 cm™ (aromatic C-H, out of plane bend). It

indicated that bio-novolac resin was chemically similar to novolac resin.

3.2.3.3. Characterization of epoxy resins

Figure 3.2 — 3.4 show identifiable differences between epoxy resins and their phenolic precursors.
The peaks observed in the range 906 cm™ to 911 cm™ appear due to asymmetric bending of the
epoxide ring whereas the peaks ranging between 835 cm™ and 845 cm™ are due to symmetric
bending. Similarly, deformation peaks were observed for C-O-C in the range 1225 cm™ to 1250
cmt and in the range 1026 cm™ to 1043 cm™ for asymmetric and symmetric bending, respectively.
A broad peak in the range 3100 — 3500 cm™ corresponding to O-H stretching vibrations was
observed to reduce in every case. This is due to the conversion of phenolic hydroxyl and carboxyl
OH groups into glycidyl functionality. Aliphatic hydroxyl, however, tend to appear due to low

reactivity during epoxidation.
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Figure 3.3: FTIR spectra of (a) bio-novolac (b) epoxidized bio-novolac
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Figure 3.4: FTIR spectra of (a) novolac (b) epoxidized novolac

The conversion of phenolic OH groups was confirmed by *!P-NMR spectroscopy as depicted in
Table 3.1. Inall cases, different phenolic groups were successfully epoxidized although epoxidized
bio-novolac shows residual phenolic OH content for -5 and 4-O-5 type phenolic OH. The

aliphatic OH content was observed to increase in each epoxy resin. This is due to ring opening of
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epoxy groups to form secondary aliphatic hydroxyl groups. Acidic OH groups were absent in
novolac and bio-novolac resins because of the purification performed before the epoxidation
reaction. Bio-oil, however, was used as it was, and hence consisted of carboxylic acids which also

took part in epoxidation. It can be proved from zero acidic OH content of epoxidized bio-oil.

Table 3.1: Hydroxyl number measured by *'P-NMR spectroscopy for (a) bio-oil and epoxidized

bio-oil, (b) novolac and epoxidized novolac, (c) bio-novolac and epoxidized bio-novolac

OH Type Range (ppm) Bio-oil Ep];}:]i_[?}i;ed Novolac E;O;fg:: Ed Bio-Novolac gﬁ;ﬁiﬁi
Aliphatic OH Rl 3.58 5.54 0 0.92 0.75 2.65
s | Bs | NSk 1038 0 0.08 0 0.50 0.18
substituted | 4 05| 14280- 10 33 0 0.85 0 0.74 0.06
phenolicOH | _ . 141.70- q -
Phenolic 55 | 1a020 |0-26 0 0 0 0.25 0
e — : o 1.71 0 8.09 0 6.03 0.24
(Guaiacyl phenolic OH 139.00 0.31 0 0 0 0.17 0
Catechol tipe OH | 500" 10,33 0 0.06 0 0.45 0
phvdroxyphenyl OH| 220" 10.10 0 7.10 0 3.92 0
Acidic OH 113363'?0' 0.51 0 0 0 0
TOTAL 5.80 5.54 8.09 0.92 6.78 2.89

The epoxy equivalent weights of epoxy resins are tabulated in Table 3.2. An epoxy resin derived
from compound containing higher amount of phenolic and carboxyl OH groups, is more likely to
have a higher number of epoxide after the epoxidation reaction. Thus, a higher amount of epoxides
tends to show less EEW. Novolac and bio-novolac are prepolymers while bio-oil is a mixture of
monomeric, oligomeric and macromolecular phenolic components. Due to high phenolic OH
content, EN showed a lower EEW than EBN and EBO. EEW of EBN was higher than EBO since
EBN is a prepolymer and probably has a high molecular weight. The reason GDGB displayed
lowest EEW since its precursor, a-resorcylic acid, is a low molecular weight monomer bearing
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three OH groups per molecule (one carboxyl and two phenolic hydroxyls) all of which have
tendency to be converted into epoxides. EPON 828 is a commercially manufactured epoxy resin

and is generally made to have desired EEW.

Table 3.2: Epoxy equivalent weights of epoxy resins

) Epoxy Equivalent Weight (EEW),
Epoxy Resin
g/eq
Epoxidized novolac (EN) 132+2
Epoxidized bio-novolac (EBN) 3266
Epoxidized bio-oil (EBO) 314+ 2
Epoxy resin from a-resorcylic acid (GDGB) 107 +3
EPON 828 (a commercial epoxy resin) 158 + 3

3.2.3.4. Thermo-mechanical performance of epoxy resins and other techniques

In the case of DMA, the temperature at which tan ¢ achieved maximum value was taken as glass
transition temperature while for DSC, the temperature at maximum decline in slope of heat flow
against temperature was considered. The measured values of glass transition temperature, storage
modulus at room temperature, active chain density and mass retained (Soxhlet extraction) are listed
in Table 3.3. Figure 3.5 depicts the plot of storage modulus of crosslinked epoxy resins against

temperature.
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Table 3.3: Thermo-mechanical properties of crosslinked epoxy resins

E’ .
(GPa) Actl_ve
. Tg (°C), | Tg (°C), Chains Mass (%0)
Epoxy Resin Notes DMA DSC at room Density Retained
tempera 3
n (mol/m?)
ture
Epoxidized | not made from 197 119 168 5321 99
novolac (EN) bio-oil '
Epoxidized
bio-novolac 91 89 2.00 1855 91
(EBN)
50:50 (wt%)
blend of
epoxidized bio-
EBN:GDGB novolac and
50:50 GDGB. 99 102 2.80 4665 97
crosslinked by
Jeffamine T-
403
a commercial
epoxy resin
based on
EPON 828 bisphenol-A, 80 76 1.77 2599 99
cured by
Jeffamine T-
403
Epoxidized
bio-oil 92 89 1.88 404 77
(EBO)
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Figure 3.5: Storage modulus of crosslinked epoxy resins

It was observed that the epoxy resins derived from phenol-formaldehyde prepolymers (novolac
and epoxidized bio-novolac) showed higher performance than epoxy resin based only on bio-oil.
At the molecular level, novolac and bio-novolac resins consist of a continuous network of phenolic
compounds bridged by methylene groups; whereas epoxidized bio-oil contains monomeric and
oligomeric epoxide compounds with lignin fractions. Epoxidized phenol-formaldehyde resins
retain the macromolecular aromatic network after epoxidation and hence display better properties
than epoxidized bio-oil. Moreover, incorporation of GDGB helped to enhance the properties of
epoxidized bio-novolac due to higher epoxide content of GDGB. All epoxy resins derived from
bio-oil, directly or indirectly, showed a higher glass transition temperature than commercially used

epoxy resin, EPON 828 despite its higher epoxide content. The lignin fractions available in bio-
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oil form a part of molecular structure of the bio-oil derived epoxy resins and offer additional
strength to the network. The active chain density was found to be lower in the case of bio-oil
derived epoxy resins compared to their petroleum-derived counter parts. Lower value of active
chains density is impacted by lower modulus at elevated temperature, which probably was due to
poor thermal stability of lignin fractions at elevated temperature. Similar effect was reflected by
mass (%) retained during Soxhlet extraction. Morphology of cured epoxy resins was found to be

comparable as seen in Figure 3.6.
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Figure 3.6: SEM photographs of crosslinked thermosets: (a) epoxidized novolac, (b) epoxidized

bio-novolac (EBN), (c) EBN:GDGB 50:50, (d) epoxidized bio-oil

All cured samples indicated similar homogeneity. The fractured surface of EN suggested high
brittleness; whereas EBO revealed low extent of brittleness. Moreover, the fractured surface of
EBN is indicative of a more diverse system due to the possibility of formation of bio-novolac from
several aromatic substituted compounds. Incorporation of GDGB to EBN had an effect on
increasing the overall homogeneity of the system due to reduced complexity. It was found that
resins derived from phenol-formaldehyde networks had higher brittle lines indicating more

brittleness of the cured systems.
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3.3. Conclusions

The phenolic hydroxyl and carboxylic functional groups in the bio-derived compounds can be
functionalized to epoxides. Bio-oil proves to be a potential phenolic resource and can be
epoxidized directly or by synthesizing its novolac-type prepolymer. Bio-oil based epoxy resins
have structural and chemical similarity with petroleum-derived ones and can also be crosslinked
by the existing amine hardeners. Synthesis of novolac-type pre-polymer followed by epoxidation
helps to achieve properties of epoxy and novolac resins. The synthesized resin systems yielded
thermoset materials with high glass transition temperatures and high moduli despite having higher
bio-content and more uncontrolled, complex chemistry than traditional epoxy resins.
Compatibility of bio-oil-based epoxy resin with non-bio-oil-based resin (GDGB) helped to achieve
homogeneity of the final thermosets. This phenomenon was also confirmed by scanning electron
microscopy which revealed the comparable morphologies of bio-oil based epoxies to their
petrochemical-based analogues. As the bio-oil-based epoxy polymers performed on par with the
phenol and bisphenol-A based epoxides, they can be a potential replacement in many applications
such as matrices for composites, resins for coatings and adhesives etc. Further, the fact that the
bio-oil can be sourced from any lignocellulosic biomass, can open a whole new category of raw
materials including but not limited to the energy crops, forest waste, saw dust, agricultural waste
etc. Utilization of such resources would help to reduce the consumption of petrochemicals and to

achieve higher sustainability.
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Chapter 4

High performance cyanate esters from biomass pyrolysis oil

4.1. Introduction

Cyanate esters are a class of thermoset polymeric materials which have contributed to deliver high
performance structures and products. With unique properties such as high glass transition
temperature and modulus, radar transparency, low dielectric constant and moisture absorption,
high adhesion to metals and resistance to ionizing radiation, cyanate esters are suitable materials
for a wide range of applications including aerospace and microwave-transparent composites,
electronic substrates, adhesives, coatings, radomes and photonics.[1-5] Figure 4.1 displays
synthesis of bisphenol-A based cyanate ester monomer and its crosslinking. Cyanate ester
monomers are crosslinked at elevated temperatures to yield crosslinked networks. Crosslinking
agents are not required unlike conventional thermosets such as epoxides and polyurethanes since
bifunctional and multi-functional cyanate esters can self-crosslink. Nonetheless, they can be co-
crosslinked with epoxides,[6-8] benzoxazines,[9-12] and bismaleimides;[13, 14] thereby,
expanding the opportunities of having versatility in the network structures and properties. As far
as the performance is concerned, polycyanated materials have surpassed many thermosetting
polymers and thus, have intrigued polymer chemists to continue developing cyanate ester-based

materials.[15] Several high performance materials have been commercialized belonging to cyanate
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ester chemistry, and have been used in specialty applications as outlined in Table 4.1.[2] However,

they are derived from petroleum sources.

BrCN, THF
——— N. _N
TEA, -10°C SC. c7
HO 0 o

Bisphenol-A BPA-CE

Crosslinked BPA-CE

Figure 4.1: Synthesis of bisphenol-A based cyanate ester (BPA-CE) and its crosslinked network

Phenol and its derivatives, especially bisphenol-A and its further modifications, have been
important precursors of cyanate ester resins.[2] Petroleum has been the boon for decades but its
limited availability and impacts on the climate change have sought attention for considering
alternate resources. Further, bisphenol-A is identified as a chemical compound with human hazard
concerns.[16] Based on the previous mentioned factors, there is a substantial need for replacing
bisphenol-A with less toxic and sustainable alternatives. Plant biomass serves as a resource that is

both sustainable and less toxic as compared to the petroleum, but it puts forward challenges for
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successful modifications. Recent developments in the bio-based monomers, polymers and
thermoset networks have been documented,[17-19] but there have been limited studies in the field
of cyanate esters. Previous researchers have developed cyanate esters from chemicals obtainable
from renewable resources, including resveratrol,[20] eugenol,[21] carvacrol,[22] lignin-derived 4-
n-propylguaiacol,[23] vanillin-based bisphenols,[24] creosol,[25] and trans-anethol.[26, 27] All of
these cyanate esters possess bi- or trifunctionality, however, they are derived from compounds
obtained from biomass resources. Often, it is difficult and economically cumbersome to selectively
obtain specific compounds from biomass, that often has a complex assembly of natural
macromolecules. Thermochemical processes have proved to be efficient in decomposing biomass
to simpler organic compounds,[28] for example fast pyrolysis, a thermochemical process, which
decomposes biomass to char, gases and condensable vapors. Condensation of vapors yields to a
high amount of liquid mixture of hundreds of organic compounds — often called as bio-oil.[29-31]
In the present study, the organic phase of bio-oil has been utilized as raw material of monomer
synthesis. The organic phase of bio-oil is rich in phenolic compounds due to decomposition of
lignin which is a natural, phenolic macromolecule.[32] Hence, a benefit of pyrolysis is that many
biomass species containing lignin can be practically used for obtaining phenolic compounds. In
our previous studies, bio-oil has been used for the synthesis of phenol-formaldehyde and epoxy
polymers.[33-35] In this study, we focus on chemical transformation of the mixture of substituted
phenols to a mixture of cyanate ester monomers. Further, since most compounds in the bio-oil are
mono-phenolic, it is necessary to introduce bi- or multi-functionality similar to that explained in

other bio-based cyanate ester research studies.[21-27, 36]
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Table 4.1: Cyanate esters: Commercial products and properties [2]

. H20 Dk
Structure of cyanate ester :]-;?ncg I\/IIDec:;c:]r;g Ty Absor (1
(monomer) supolier °C) (°C) | -btion | MHz
PP %) | )
AroCy B/
Ciba-Geigy
O O BT-2000/ 79 289 | 25 | 291
Mitsubishi
NCO OCN GC Lonsa
O Q AroCy M/
106 252 1.4 2.75
NCO OCN Ciba-Geigy
F3C CF;
AroCy F/
87 270 1.8 2.66
Ciba-Geigy
NCO OCN
AroCy L/
29 258 2.4 2.98
Ciba-Geigy
NCO OCN
XU-366/
Ciba-Geigy | 68 192 | 07 | 264
NCO OCN | RTX-366
Primaset
OCN OCN OCN PT/
Lonsa REX- | Resinous | >350 3.8 3.08
371/
n
Ciba-Geigi
OCN XU
OCN| 71787.02L/
C ’)’Q ’)’O Resinous | 244 | 1.4 | 2.80
Dow
2 Chemical
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An approach to synthesize organic biphenol from the bio-oil has also been emphasized in the
current work. Depending on the phenolic compounds participating in the reaction, many isomeric
biphenolic structures can be obtained, and hence a mixture of biphenolic monomers can be used
as precursor for further cyanate ester synthesis. The effects of catalysts and reaction conditions on
the structure of bisphenols obtained from creosol, have been studied earlier.[36] Our work
demonstrates the replacement of bisphenol-A based cyanate ester by novel, bio-oil-based cyanated
monomers as a promising pathway to increase sustainability while maintaining high performance
and minimum process complexity. In addition, a detailed characterization of bio-oil and resulting

cyanate esters is outlined as well.

4.2. Experimental Section

4.2.1. Materials

Bisphenol-A, chromium(l1l)acetyl acetonate, chloroform-d 99.8+ atom% D with 0.03 v/v% TMS,
cyanogen bromide, dichloromethane, ethyl ether stabilized with BHT, hydrochloric acid 36.5 —
38.0 %, N-hydroxy-5-norbornene-2,3-dicarboximide (NHND), sodium sulfate anhydrous,
tetrahydrofuran, toluene, triethylamine 99%, 1,3,5-trioxane 98% were ordered from VWR
International, USA. 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane  (TMDP)  was
purchased from Sigma Aldrich, USA. The organic phase of bio-oil was obtained from pine wood

as per the procedure explained in the methods.
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4.2.2. Methods

4.2.2.1. Fast pyrolysis of pine

An intermediate-scale auger-fed pyrolysis reactor was used to produce bio-oil from a clean pine
wood feedstock (milled to a particle size of less than 4 mm) with a feed rate of 7.3 kg/hr and
reaction temperature of 500 °C. The system was purged with N> at a flow rate of 50 L/min.

A detailed instrument description was reported previously.[37] The resulting biomass pyrolysis
vapors were condensed to yield liquid bio-oil which was further separated into two phases —
organic phase (ORG-bio-oil) and aqueous phase (AQ-bio-oil). The yield of bio-oil and biochar
were measured gravimetrically, and the yield of non-condensable gases was calculated by
difference. ORG-bio-oil was characterized by gas chromatography-mass spectrometry (GC-MS),
31P_nuclear magnetic resonance (*!P-NMR), and Fourier transform infrared (FTIR) spectroscopy,
and the density, acid value, water content and pH of bio-oils were measured. The bio-oil samples

were stored in the freezer at -10 °C and ORG-bio-oil was used for monomer synthesis.

4.2.2.2. Characterization of ORG-bio-oil

GC-MS was used to measure the chemical composition of the produced ORG-bio-oil. The ORG-
bio-oil was dissolved in 99.9 % pure MeOH (1 mL bio-oil in 9 mL MeOH), filtered with a PTFE
syringe filter (0.20 um), and a 1 pL aliquot was injected into the GC-MS system (Clarus 680 gas
chromatograph and Clarus SQ 8C mass spectrometer, PerkinElmer, USA). The injection was
performed at a split ratio of 80:1 and an injector temperature of 270 °C. An Elite 1701 MS capillary
column (60 m x 0.25 mm ID by 0.25 pum film thickness) with a carrier gas (ultrahigh-purity helium,
99.9999%) flow rate of 1 cm®min and pressure of 17.3 psi were used. The GC furnace was initially

held at 50 °C for 4 min, then was ramped from to 280 °C at 5 °C/min, and held at 280 °C for 5
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min. The MS was held at 270 °C with an ionization energy of 70 eV. Chromatogram peaks were
extracted using TubroMass GC-MS software and peaks were identified with the National Institute

of Standards and Technology (NIST) library.

The water content of the ORG-bio-o0il was measured by Karl-Fisher titration (Metrohm 787 KF
Titrino) following the American Society for Testing and Materials protocol (ASTM D4377-
00).[38] The pH of ORG-bio-oil was measured using a pH meter after stirring 1 mL of ORG-bio-
oil into 50 mL of DI water. The total acid number (TAN) was measured by dissolving 0.5 g of
ORG-bio-oil in 25 ml of 1:1 isopropyl alcohol:water then titrating with 0.1 N KOH to a pH of 11
in accordance with ASTM D664.[39] The density of the ORG-bio-o0il was determined using a 2
mL glass pycnometer according to ASTM D1475-13.[40] Analyses were performed in duplicate.

For 3'P-NMR spectroscopy, bio-oil samples were phosphorylated as per the procedure mentioned
in the literature.[41] NHND and chromium(IIl)acetyl acetonate (20 mg each) were dissolved in
the mixture of 3 mL pyridine and 2 mL deuterated chloroform to prepare the stock solution. 550
uL of stock solution was added to around 20 mg of bio-oil sample and stirred well. TMDP (150
pL) was then added to the mixture and stirred well to make the solution homogeneous. The
prepared solution was then transferred to the NMR spectroscopy tube and the spectrum was
acquired with a Bruker Avance II 250 MHz spectrometer using inverse gated decoupling pulse
sequence, 90-degree pulse angle, 25 s pulse delay and 128 scans. The hydroxyl content of the

samples was calculated by integrating relevant peaks compared to the internal standard NHND.

4.2.2.3. FTIR Spectroscopy
Fourier transform infrared analysis was performed on bio-oil samples and synthesized products

using Thermo Scientific Nicolet 6700 FT-IR spectrophotometer equipped with attenuated total
98



reflection (ATR) accessory and OMNIC 7.3 software. IR spectra were collected in the

wavenumber range 400 cm™ to 4000 cm™ at a resolution of 4 cm™ and 64 scans.

4.2.2.4. Synthesis of ORG-biphenol

Using GC-MS analysis, it was observed that several monophenolic compounds were present in
ORG-bio-oil. ORG-bio-o0il was dissolved in toluene and washed with water. Toluene and water
phases were allowed to separate in a separating funnel overnight. Toluene phase was heated at 80
°C under vacuum using rotary evaporation to remove toluene, and the resultant, concentrated
ORG-bio-oil was treated with 1,3,5-trioxane in acidic conditions to produce biphenolic compounds
as per an adapted procedure.[22] Concentrated ORG-bio-oil and 1,3,5-trioxane (0.3 equiv/OH)
were dispersed in water. Concentrated HCl was added to the dispersion in the amount adjusting
the normality of reaction mixture at 2.5 N. The reaction mixture was heated at 80 °C under stirring
for six hours. After cooling down, the reaction mixture was added to dichloromethane and washed
with water. The organic phase of the extraction was separated, and dichloromethane was distilled

off with rotary evaporation under reduced pressure and at room temperature.

4.2.2.5. Synthesis of cyanate esters

Phenolic monomers: ORG-bio-o0il, ORG-biphenol and bisphenol-A were cyanated as per the
cyanation procedure[20, 22] to yield various cyanate ester resins. Phenolic monomer was dissolved
in tetrahydrofuran in a jacketed, glass reactor equipped with mechanical stirrer. The reactor
temperature was maintained at -10 °C with continuously flowing water/methanol:60/40 mixture
through the jacket. After the reaction mixture achieved -10 °C, cyanogen bromide (1.2 equiv/OH)
was added. The mixture was stirred for five minutes and then dropwise addition of triethylamine
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was initiated with the help of dropping funnel. Addition of triethylamine was continued for 30
minutes at -10 °C. After the addition was finished, the cooling was stopped, and the reaction
mixture was stirred for 1 hour at room temperature. Tetrahydrofuran was distilled off with rotary
evaporation. Diethyl ether and water were added to the remaining mixture, the solution was mixed
well, and allowed to separate in separating funnel overnight. The diethyl ether fraction was dried
over anhydrous sodium sulfate, filtered and then diethyl ether was removed by rotary evaporation
under reduced pressure at room temperature. The cyanate esters from respective monomers were
named as ORG-bio-oil-cyanate ester (ORG-bio-0il-CE), ORG-biphenol-cyanate ester (ORG-
biphenol-CE) and bisphenol-A-cyanate ester (BPA-CE).

A schematic is represented in Figure 4.2 entailing the synthesis of ORG-biphenol and the cyanate
esters from ORG-bio-oil and ORG-biphenol. ORG-biphenol represents two isomeric categories of
compounds differentiated by the position of methylene bridge. This difference is possible due to
the reaction mechanism driven by the influence of o,p-directing effects of OH and OCH3 groups

on the benzene rings.
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Figure 4.2: Synthesis of ORG-biphenol, ORG-bio-0il-CE and ORG-biphenol-CE

A catalyzed synthesis of similar compounds and their respective cyanate esters was discussed in
the literature.[25, 36] Another important aspect for consideration in this study is the cyanate
monomer functionality. ORG-bi0-01l-CE is predominantly monocyanated mixture because it is
derived directly from bio-oil that contains monophenolic compounds; whereas ORG-biphenol-CE
provides bifunctionality similar to the conventional bisphenol-A-cyanate ester depicted in Figure
4.1. A continuous triazine network is possible if the cyanate esters bear bi- or multi-functionality;
and hence, a similar crosslinked network is expected from ORG-biphenol-CE, with some
differences arising from the pendant groups of aromatic rings. ORG-bio-0il-CE, on the other hand,

might limit the crosslinking reactions due to monofunctionality.
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4.2.2.6. Crosslinking of cyanate esters

BPA-CE and ORG-bio-0il-CE were blended in different proportions — 75:25, 50:50 and 25:75 (by
wt%). All the cyanate esters (ORG-bi0-01l-CE, ORG-biphenol-CE, BPA-CE and the blends) were
heated at 150 °C for 3 hours followed by 200 °C for 3 hours under vacuum. The samples were

further postcured at 300 °C for 1 hour in conventional furnace.

4.2.2.7. Dynamic mechanical analysis

Thermo-mechanical evaluation of polycyanate esters was performed using TA Instruments
dynamic mechanical analyzer RSAIIL. An oscillatory stress was applied at 1 Hz frequency on the
horizontal specimen using three-point bending geometry to yield constant 0.1 % strain. The
temperature was increased from at 5 °C/min during the test. The viscoelastic behavior was

observed, especially during the glass transition.

4.2.2.8. Morphology
Crosslinked cyanate ester samples were immersed in liquid nitrogen and fractured. The samples
were then sputter coated with gold plasma and the fractured surfaces were observed under scanning

electron microscope.

4.2.3. Results and Discussion
4.2.3.1. Characterization of ORG-bio-o0il, ORG-biphenol and the cyanate esters
The pyrolysis product yields and the properties of ORG-bio-oil are listed in Table 4.2. ORG-bio-

oil was found to be acidic in nature due to its low pH and it had low water content.
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Table 4.2: Properties of ORG-bio-oil

Fast Pyrolysis of Pine
Bio-oil yield (%) 53.7+0.0
Bio-char yield (%) 30.4+0.0
Non-condensable gas yield (%) 159+0.0
ORG-bio-oil

Water content (%) 115+05
Total acid number (mg KOH/g bio-oil) 100.6 £0.0
Density (g/mL) 1.15+0.00

pH 3.0+£0.2

GC-MS analysis of ORG-bio-oil (Figure 4.3) revealed major peaks corresponding to substituted

phenolic compounds. The presence of phenolic compounds is likely due to decomposition of lignin

during pyrolysis, which is a polyphenolic macromolecule found in woody biomass.[42, 43]
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Figure 4.3: GC-MS analysis of ORG-bio-oil
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3IP-NMR spectroscopy (Table 4.3) yielded quantitative information regarding the hydroxyl
number, which was in agreement with GC-MS results. The amount of phenolic OH was observed
to be the maximum among all kinds of OH groups. ORG-biphenol displayed greater content of
phenolic OH, reduced quantity of acidic OH and an absence of aliphatic OH as compared to ORG-
bio-oil. In Figure 4.4-(¢c), the FTIR spectra show that ORG-biphenol displayed a reduction in the
peak at 3400 - 3300 cm™! corresponding to O-H stretch compared to ORG-bio-oil (Figure 4.4-(a)).
This agrees with the total hydroxyl number obtained from *'P-NMR spectroscopy indicated in
Table 4.3. A slight increase in the intensity of peaks at 2928 cm™ and 2855 cm'! relating to sp® C-
H stretch is probably due to a methylene (CH2) bridge connecting two phenolic moieties in the
biphenolic compounds in ORG-biphenol. Figure 4.4-(b) displays successful formation of cyanate
ester monomers from ORG-bio-oil as evident by the appearance of peaks at 2256 cm™! and 2201
cm’! responsible for C=N stretch of cyanate ester groups. Another parallel observation of the
reduced intensity of the O-H stretch peak in the range 3400 - 3300 cm™ indicated the consumption
of hydroxyl groups. Similar changes were observed in case of ORG-biphenol-CE (appearance of
C=N stretch at 2260 cm™! and 2199 cm™ in Figure 4.4-(d), and reduction in O-H stretch in the
range 3400 — 3300 cm™) and BPA-CE (appearance of C=N stretch at 2276 cm™ and 2242 cm™ in

Figure 4.4-(f), and reduction in O-H stretch in the range 3400 — 3300 cm™).
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Table 4.3: 3'P-NMR spectroscopy of ORG-bio-oil and ORG-biphenol

OH Type Range (ppm) ORG-bio-oil ORG-biphenol
Aliphatic OH 150 —145.5 1.57 0
B-5 144.7 - 142.8 0.07 0.23
C-5
substituted
phenolic
OH
5-5 141.7 - 140.2 0.28 0.27
2.89 2.35
Guaiacyl phenolic | 140.2-139.0 1.45 1.27
OH
Phenolic (54%) (89%)
OH
Catechol type OH | 139.0 — 138.2 0.60 0.30
p-hydroxyphenyl 138.2 - 137.3 0.39 0.05
OH
Acidic OH 136.6 — 133.6 0.84 0.29
TOTAL 5.30 2.64
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Figure 4.4: FTIR spectra of (a) ORG-bio-oil, (b) ORG-bio-0il-CE, (c) ORG-biphenol, (d) ORG-

biphenol-CE, (e) bisphenol-A and (f) BPA-CE

4.2.3.2. Thermo-mechanical performance of cyanate esters
Dynamic mechanical analysis of ORG-bio-0il-CE and ORG-biphenol-CE yielded good thermo-
mechanical properties in comparison with BPA-CE, yet considerable viscoelastic differences. In

Figure 4.5-(a), crosslinked BPA-CE was observed to have a high storage modulus at room
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temperature, with a value of 3 GPa. The BPA-CE sample showed an onset of glass transition at
190 °C, and a sharp decrease in storage modulus after 200 °C; whereas the peak in tand was

observed at 220 °C in Figure 4.5-(b).
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Figure 4.5: Thermo-mechanical properties of cyanate esters: (a) storage modulus, (b) tan &

The crosslinked blend of BPA-CE:ORG-bio-0il-CE (75:25) displayed similar behavior, with an
onset glass transition temperature at 128 °C, and the peak in tan 6 at 175 °C. Other blends of BPA-
CE and ORG-bio-0il-CE (50:50 and 25:75) were too brittle to be analyzed with dynamic
mechanical analysis and did not withstand the applied cyclic stress. A higher amount of ORG-bio-
oil-CE might have caused a remarkable reduction in crosslinking density due to the
monofunctionality and hence, resulting in brittle samples. In the case of BPA-CE and the 75:25
blend, a small plateau of storage modulus was observed after the glass transition region.
Crosslinked ORG-biphenol-CE was characterized by a lower storage modulus (around 0.3 GPa)
at room temperature and a gradual decline in the storage modulus over a wide range of temperature.
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An onset temperature was observed at 354 °C and maximum value of tan d was found to be at 378
°C. Crosslinked ORG-biphenol-CE can be considered a material with crosslinks formed by triazine
rings due to cyanate bifunctionality. Moreover, ORG-biphenol possessed substituent group on the
aromatic rings due to presence of substituted phenols in ORG-bio-oil. The substituted groups could
restrict the molecular mobility of the network, resulting in superior glass transition temperature as
compared to BPA-CE which lacks phenolic ring substituents. A combination of triazine network
and randomly crosslinked components is expected to occur in case of crosslinked ORG-biphenol-
CE which might facilitate thermal transitions over a very broad range, and hence, the resulting
behavior of the storage modulus observed in Figure 4.5-(a). A broad tan & peak is observed in the
case of the crosslinked ORG-biphenol-CE sample (Figure 4.5-(b)), which supports this argument.
It can be said that the glass transition temperature of crosslinked ORG-bipheol-CE lies in the range
of 350 — 380 °C. In case of BPA-CE:ORG-bio-0il-CE_75:25 sample, ORG-bio-0il-CE reduced
the crosslinking density due to monofunctionality of ORG-bio-0il-CE and hence reduced the glass
transition temperature range for the blend. Mono-cyanated esters limit the polymerization, thereby,
producing materials with poor crosslinking. ORG-bio-oil also contains aliphatic hydroxyl
compounds which, on cyanation, yield aliphatic cyanate esters. Aliphatic cyanate esters rearrange
to aliphatic isocyanates that can react with water or moisture to produce carbamate derivatives.
These products hinder crosslinking at elevated temperatures. A similar phenomenon of a reduction
in glass transition temperature by monofunctional cyanate esters has been previously studied by
other researchers.[44] Moreover, a probable heterogeneity leading to a phase separation between
two different cyanate esters in the BPA-CE:ORG-bio-0il-CE_75:25 sample led to two maxima in

tan o curve (Figure 4.5-(b)).
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4.2.3.3. Morphology of crosslinked cyanate esters

In Figure 4.6, a typical brittle fracture was observed in case of crosslinked BPA-CE. Curved
fracture lines indicate the way material was fractured in cryogenic conditions. On the other hand,
crosslinked ORG-bio-0il-CE displayed a remarkably smooth surface as compared to crosslinked
BPA-CE. Non-cyanate crosslinks are not expected to impart strength to the material and thus,
yielded a relatively softer material. ORG-biphenol-CE displayed a higher degree of randomness
while undergoing fracture, indicating that cyanate crosslinks imparted brittleness and non-cyanate

crosslinks provided smoothness, thereby creating a mixed system.
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Figure 4.6: SEM photographs of fractured surface of crosslinked materials: (a) BPA-CE, (b)

ORG-bio-0il-CE and (c) ORG-biphenol-CE
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4.3. Conclusions

Lignocellulosic biomass, such as, wood can be utilized as feedstock for chemicals using fast
pyrolysis. The organic phase of bio-oil contains a mixture of substituted phenolic compounds
along with other organics as the decomposition products of fast pyrolysis process. Bio-oil derived
phenolic hydroxyl compounds offer an opportunity for cyanation which leads to the synthesis of
bio-oil based cyanate ester monomers. Nonetheless, ORG-bio-oil contains mono-phenolic
compounds which produce mono-cyanated esters on direct cyanation. Monofunctional cyanate
esters yield materials with less glass transition temperature. ORG-bio-oil can be successfully used
to synthesize ORG-biphenol which resembles the structure of bisphenol-A, a traditional
petrochemical based monomer for cyanate ester synthesis. ORG-biphenol has higher phenolic OH
content as well as an absence of aliphatic hydroxyl compounds as compared to ORG-bio-oil. FTIR
spectroscopy confirms the synthesis of cyanate ester resins. Crosslinked cyanate ester from ORG-
biphenol yielded higher glass transition temperature than crosslinked cyanate esters derived from
bisphenol-A The morphology of crosslinked ORG-biphenol-CE was found to have greater
heterogeneity than crosslinked BPA-CE. The present study was successful in preparing sustainable
cyanate esters from bio-oil (ORG-bio-0il-CE and ORG-biphenol-CE), and 25 wt% of replacement

of BPA-CE was possible by direct cyanation of ORG-bio-oil.
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Chapter 5
Crosslinked acrylic polymers from aqueous phase of biomass pyrolysis oil and acrylated

epoxidized soybean oil

5.1. Introduction

Plant biomass has been widely accepted as an alternate and renewable resource of chemicals and
fuels. Depending on the species, plant biomass can be remarkably different in its components and
is characterized by great complexity at the molecular level. Lignocellulosic biomass is one of the
main plant biomass types and is comprised of lignin, cellulose and hemi-cellulose biopolymers
bound together.[1] Breakdown of complex macromolecules in the biomass to smaller compounds
has been a general approach to obtain chemicals. This can be achieved by employing various
chemical, thermochemical and biochemical processes such gasification, pyrolysis,[2, 3]
liquefaction,[4, 5] torrefaction, and fermentation. Biomass can be subjected to fast pyrolysis
process to efficiently product high yields of liquid fraction often called biomass pyrolysis oil or
bio-oil.[6] The fast pyrolysis process often yields bio-oil liquids into separated phases — a useful,
organic-rich phase and an aqueous phase which is mostly regarded as a waste stream.[7] The
aqueous phase of bio-oil can have water content as high as 80% and the remaining appearing as
polar organic compounds which are degradation products of cellulose and hemi-cellulose.[8, 9]
Since the aqueous phase generally has high water content, it renders useless to be used as

conventional fuel. Upgrading aqueous phase to liquid fraction with higher heating value can be
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technically as well as economically cumbersome. Several attempts have been documented about
utilization of the aqueous phase of bio-oil for producing hydrogen by steam reforming [10-16] and
supercritical water reforming.[17] Nevertheless, the bio-oil aqueous phase has not been
successfully used for producing functional chemicals, monomers and polymers which are highly
value-added applications. On the other hand, bio-oil organic phase has been extensively used for
synthesis of monomers and polymers such as phenol-formaldehyde,[18, 19] epoxy,[20-22]
polyurethane[23, 24] etc.

In the current study, we focus on utilization of waste aqueous bio-oil to develop acrylic polymers.
Conventionally, most commonly used acrylic polymers are obtained from acrylate and/or
methacrylate monomers such as methyl methacrylate, ethyl acrylate, n-butyl acrylate etc.
Polyacrylates are used in many applications including coatings, adhesives, composites, super-
absorbent materials etc. Typical acrylate and methacrylate monomers are alkyl esters of acrylic
acid and methacrylic acid respectively, which are derived from petrochemicals. Acrylic monomers
have been synthesized from a few biomass resources in the past, such as soybean oil,[25]
vanillin,[26] lignin[27] etc. Acrylated epoxidized soybean oil (AESO) has been successfully used
for copolymerization in several studies. The approach of this study is to exploit aliphatic hydroxyl
compounds available in the aqueous bio-oil to produce methacrylate monomers and subsequent
polymers. We have also employed acrylated epoxidized soybean oil in varying proportions to

develop crosslinked polymers with improved thermo-mechanical properties.

119



5.2. Experimental sections

5.2.1. Materials

Acetone, acrylated epoxidized soybean oil, benzoyl peroxide 100%, chloroform,
chromium(lil)acetyl acetonate, deuterated chloroform, dichloromethane, N-hydroxy-5-
norbornene-2,3-dicarboximide (NHND), methacryloyl chloride 97%, triethylamine 99% were
ordered from VWR International, USA. 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(TMDP) was purchased from Sigma Aldrich, USA. The aqueous phase of bio-oil was obtained

from pine wood as per the procedure described in methods.

5.2.2. Methods

5.2.2.1. Fast pyrolysis of pine

Clean pine wood with particles less than 4 mm were fed into an auger-fed pyrolysis reactor at 7.3
kg/hr and with the reactor temperature raised to 500 °C and N2 purge flow rate at 50 L/min. A
detailed instrument description was reported previously.[28] Product vapors of pyrolyzed biomass
were condensed to yield a liquid bio-oil which was further separated into two phases — aqueous
phase (AQ-bio-oil) and organic phase (ORG-bio-oil). The yield of bio-oil and biochar were
measured gravimetrically, and the yield of non-condensable gases was calculated by difference.
AQ-bio-oil was characterized by gas chromatography-mass spectroscopy (GC-MS), 3!P-nuclear
magnetic resonance (*!P-NMR) spectroscopy, Fourier transform infrared (FTIR) spectroscopy,
density, acid value, water content and pH. The bio-oil samples were stored in the freezer at -10 °C.
AQ-bio-oil was heated at 80 °C for 15 minutes under reduced pressure using a rotary evaporator
to concentrate the bio-oil phase. The concentrated AQ (c-AQ-bio-oil) was characterized and used

for chemical modification.
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5.2.2.2. Characterization of AQ-bio-oil

GC-MS was used to measure the chemical composition of the produced AQ-bio-oil. The AQ-bio-
oil was dissolved in 99.9 % pure MeOH (1 mL bio-oil in 9 mL MeOH), filtered with a PTFE
syringe filter (0.20 um), and a 1 uL aliquot was injected into the GC-MS system (Clarus 680 gas
chromatograph and Clarus SQ 8C mass spectrometer, PerkinElmer, USA). The injection was
performed at a split ratio of 80:1 and an injector temperature of 270 °C. An Elite 1701 MS capillary
column (60 m x 0.25 mm ID by 0.25 um film thickness) with a carrier gas (ultrahigh-purity helium,
99.9999%) flow rate of 1 cm® per min and pressure of 17.3 psi were used. The GC furnace was
initially held at 50 °C for 4 min, then was ramped from to 280 °C at 5 °C/min, and held at 280 °C
for 5 min. The MS was held at 270 °C with an ionization energy of 70 eV. Chromatogram peaks
were extracted using TubroMass GC-MS software and peaks were identified with the National

Institute of Standards and Technology (NIST) library.

The water content of the bio-oils was measured by Karl-Fisher titration (Metrohm 787 KF Titrino)
following the American Society for Testing and Materials protocol — ASTM D4377-00.[29] The
pH of bio-oil samples was measured using a pH meter after stirring 1 mL of bio-oil into 50 mL of
DI water. The total acid number (TAN) was measured by dissolving 0.5 g bio-oil in 25 ml of 1:1
isopropyl alcohol:water then titrating with 0.1 N KOH to a pH of 11 in accordance with ASTM
D664-11a.[30] The density of the bio-oil samples was determined using a 2 mL glass pycnometer

according to ASTM D1475-13.[31] Analyses were performed in duplicate.
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For 3'P-NMR spectroscopy, the bio-oil phases were phosphorylated as per the procedure
mentioned in the literature.[32] NHND and chromium(lll)acetyl acetonate (20 mg each) were
dissolved in the mixture of 3 mL pyridine and 2 mL deuterated chloroform to prepare the stock
solution. 550 uL of stock solution was added to around 20 mg of desired bio-0il sample and stirred
well. TMDP (150 pL) was then added to the mixture and stirred well to make the solution
homogeneous. The prepared solution was then transferred to the NMR spectroscopy tube and the
spectrum was acquired with a Bruker Avance Il 250 MHz spectrometer using inverse gated
decoupling pulse sequence, 90-degree pulse angle, 25 s pulse delay and 128 scans. The hydroxyl
content of the bio-oil phases was calculated by integrating relevant peaks compared to the internal

standard NHND.

Fourier transform infrared spectroscopy was performed on bio-oil samples and synthesized
products using Thermo Scientific Nicolet 6700 FT-IR spectrophotometer equipped with attenuated
total reflection (ATR) and OMNIC 7.3 software. IR spectra were collected in the wavenumber

range 400 cm™ to 4000 cm™ at a resolution of 4 cm™ and 64 scans.

5.2.2.3. Synthesis and characterization of methacrylated aqueous bio-oil (MeABO)

Methacrylation procedure was adapted from literature[33] and used with modifications. Around
38 g c-AQ-bio-oil was dissolved in 150 mL acetone in a jacketed, glass reactor equipped with
mechanical stirrer. Triethylamine (1.2 equiv/OH) was added to the reactor with stirring. Water-
methanol coolant was circulated through jacket to reduce the temperature of the reaction mixture
to 0 °C. Methacryloyl chloride (1.2 equiv/OH) dissolved in acetone was added dropwise to the
reaction mixture over 30 minutes. After the addition was completed, the mixture was stirred for 6

hours and the cooling was turned off. The reaction product was heated at 40 °C under reduced
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pressure to remove acetone and was further mixed in chloroform. The chloroform phase was
washed with water to remove salts. Chloroform was distilled off using rotary evaporator and the
product, named as methacrylated aqueous bio-oil (MeABO), was characterized by FTIR
spectroscopy, *H-NMR spectroscopy and *!P-NMR spectroscopy. *H-NMR spectra were collected
with Bruker Avance Il 600 MHz spectrometer using 64 scans. Deuterated chloroform was used as
the solvent with tetramethylsilane added as the reference. Figure 5.1 depicts methacrylation of
AQ-bio-oil and further polymerization. Theoretically, it is expected to obtain a mixture of

chemically similar compounds predominantly appearing as alkyl methacrylates and aryl
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¢-AQ-bio-oil (MeABO)

Figure 5.1: Methacrylation of c-AQ-bio-oil

5.2.2.4. Polymerization of methacrylated monomers with AESO

MeABO and AESO were mixed in the proportions explained in Table 5.1. Initiator benzoyl
peroxide was ground and added (3 wt%) to each monomer blend. All monomer blends were poured
in Teflon cavity mold and heated at 40 °C in a conventional oven and vacuum oven for 1 day each
to remove any residual solvent. The samples were heated at 70 °C for 12 hours, 90 °C for 6 hours
and 120 °C for 6 hours under vacuum. After the heating program, the samples were allowed to

cool down and then taken for further characterization and analysis. The typical reactions and
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structures of polymeric systems are described in Figure 5.2, 5.3 and 5.4. R represents alkyl group;
whereas Ar stands for aryl group. R can be any group contributed by the hydroxyl compounds
present in the original bio-oil. Due to a range of possible, different monomers, it is expected to

have a random structure for poly(MeABO) and its crosslinked systems with AESO.

Table 5.1: Preparation of MeABO/AESO blends

Amount of Amount of samples After
Sample Name | MeABO in the AESO in the P .
polymerization
sample sample
MeABO 100% -- poly(MeABO)
75:25A 75% 25% poly(75:25A)
50:50A 50% 50% poly(50:50A)
25:75A 25% 75% poly(25:75A)
AESO - 100% poly(AESO)
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R. + | Q Polymerization
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Alkyl methacrylates

Aryl methacrylates

Methacrylated aqueous bio-oil
(MeABO)

Figure 5.2: Polymerization of MeABO
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Figure 5.4: Polymerization of MeABO and AESO

5.2.2.5. Soxhlet extraction
The polymer samples were subjected to Soxhlet extraction by refluxing 200 mL dichloromethane

for 24 hours using Soxhlet extraction apparatus. After the extraction, the insoluble solids were
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dried, and the mass retained for each polymeric system was reported per cent of the initial sample

weight.

5.2.2.6. Morphology
Cross-sectional surface morphology of the polymer samples was observed using a scanning
electron microscope. The samples were submerged in liquid nitrogen and fractured before coating

with gold plasma.

5.2.2.7. Dynamic mechanical analysis

Mechanical and thermo-mechanical evaluation of polymer samples was performed using TA
Instruments dynamic mechanical analyzer RSAIII. In first method, tensile analysis was carried out
on the specimens with 10 mm initial length and extension rate 10 mm/min at room temperature
using the rectangular tensile geometry. Tensile modulus was reported for all the samples. In second
method, a cyclic stress is applied at 1 Hz frequency on the horizontal specimen using three-point
bending geometry to yield constant 0.1 % strain. The temperature was increased from -100 °C to
100 °C at 5 °C/min. The glass transition temperature, storage modulus and active chains density

were reported.

5.2.3. Results and Discussion

5.2.3.1. Characterization of AQ-bio-oil

Pyrolysis process results and the properties of AQ-bio-oil are listed in Table 5.2.
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Table 5.2: Properties of AQ-bio-oil

Fast Pyrolysis of Pine
Bio-oil yield (%) 53.7+0.0
Bio-char yield (%) 30.4+£0.0
Non-condensable gas yield (%) 159+0.0
AQ-bio-oil
Water content (%) 49.0+£2.6
Total acid number (mg KOH/g bio-oil) 131.3+1.4
Density (g/mL) 1.12 £ 0.00
pH 2.7+0.0

GC-MS analysis of AQ-bio-oil (depicted in Figure 5.5) revealed the major peaks corresponding to

the aliphatic compounds. Most of the detected aliphatic compounds can be classified into alcohols,

carboxylic acids, aldehydes, ketones and sugars. Substituted phenols and furans were also detected

in AQ-bio-oil.
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Figure 5.5: Chromatogram of AQ-bio-oil
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3IP-NMR spectroscopy yielded quantification of hydroxyl number which was in agreement with
GC-MS results. The amount of aliphatic OH was observed to be the maximum among all kinds of
OH groups. After concentrating AQ-bio-oil by rotary evaporation, it was observed that all organic
hydroxyl groups showed higher amount per gram of bio-oil as shown in Figure 5.6. This is due to

the removal of a significant amount of water from AQ-bio-oil
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Figure 5.6: 3'P-NMR spectra of c-AQ-bio-oil

5.2.3.2. Characterization of MeABO
In the FTIR spectrum of MeABO in Figure 5.7-(b), a peak was observed at 1677 cm™ which was

due to the stretching vibration of C=C incorporated by methacrylation reaction. A weak stretching
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vibration of sp? =C-H was also observed near 2983 cm™. Another important observation was the
reduction of broad peak at 3383 cm related to O-H stretch. Other peaks present in Figure 5.7-(b)
can be assigned to their respective groups: 2928 cm™ for sp® C-H, 1722 cm™* for C=0, 1150 cm'*

for C-O bonded to carbonyl group and 1031 cm™ for C-O on the alcohol side of the ester group.
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Figure 5.7: FTIR spectra of (a) c-AQ-bio-oil (b) MeABO (Note: all numbers are in cm™)

In Figure 5.8-(a), tH-NMR spectrum of MeABO reflected the appearance of peaks at 5.51 and
6.08 ppm due to the protons de-shielded by C=C group. Protons on the -CHz group adjacent to

C=C also caused the appearance of a peak at 1.94 ppm.

130



Hc
1.94
(a)
H, Hg
He 6.08 5.51
H (CDCl,)
| |
o [ ( f U _JJHL*JJMM_
c-AQ-bio-oil
(b)
H (CDCls)
M . ]. PSS R DU PR Ll d‘_.__L_LLJ-I\-k. — __li._.JM,J L. —rrile_ —
9.5 8.5 7.5 6.5 5. 3.5 2.5 1.5 0.5

5 4.5
f1(ppm)

Figure 5.8: 'TH-NMR spectra of (a) MeABO, (b) c-AQ-bio-oil (Note: all numbers are in ppm)

Both FTIR and H-NMR spectroscopy confirmed the presence of olefin functionality in the
synthesized methacrylated phase. Quantification of hydroxyl groups by 3P-NMR spectroscopy
before and after the modification of AQ-bio-oil is presented in Table 5.3. Methacrylation of c-AQ-
bio-oil consumed the most aliphatic OH and all phenolic OH groups. The presence of higher acidic
OH value can be attributed to the conversion of methacryloyl chloride to methacrylic acid which

is also a methacrylic monomer.
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Table 5.3: 3'P-NMR spectroscopy of AQ-bio-oil, c-AQ-bio-oil and MeABO

OH Type Range (ppm) | AQ-bio-oil | c-AQ-bio-oil | MeABO
Aliphatic OH 150 —145.5 3.95 7.47 0.26
B-5 144.7 - 142.8 0.01 0.70 0
C-5
substituted
phenolic OH
5-5 141.7 - 140.2 0.14 0.48 0
Guaiacyl phenolic OH | 140.2 —139.0 0.04 0.54 0
Phenolic
OH Catechol type OH 139.0 - 138.2 0.13 0.52 0
p-hydroxyphenyl OH | 138.2-137.3 0.06 0.54 0
Acidic OH 136.6 — 133.6 0.34 0.68 1.58
TOTAL 4.67 11.04 1.84

5.2.3.3. FTIR spectroscopy of polymers
In Figure 5.9-(a), FTIR spectroscopy of all monomer blends confirmed the presence of C=C peak

at 1677 cm™ coming from MeABO and at 1633 cm™* coming from AESO. After the polymerization
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(Figure 5.9-(b)), the peaks corresponding to C=C disappeared indicating the reaction of C=C
functionalities by free radical formed by thermal, homolytic cleavage of peroxide group of benzoyl
peroxide initiator. The FTIR spectroscopy proved the exploitation of olefins to carry out the

polymerization.
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Figure 5.9: FTIR spectroscopy of (a) monomer blends of MeABO and AESO, (b) polymeric

systems of MeABO and AESO

5.2.3.4. Soxhlet extraction

The mass retained after performing Soxhlet extraction with dichloromethane for 24 hours, was
observed to increase by raising the amount of AESO. (Table 5.4) Greater amount of AESO
produces denser networks which resist the solubilization by dichloromethane. For poly(AESO),
highest mass retention was observed with very small amount being solubilized. Increasing the

amount of MeABO yields polymer domains with less crosslinking and helps better solubilization.
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5.2.3.5. Morphology

As displayed in Figure 5.10, the fracture surfaces of polymeric samples were observed for
comparing relative soft/brittle domains, homogeneity and effect of varying ratios of acrylates on
them. Cross-sectional surface of Poly(MeABO) appeared to be the smoothest and revealed minute
fracture lines. Poly(AESO) and its crosslinked mixtures indicated brittle nature of the polymers.

All samples were observed to be considerably homogeneous and had no phase separation.
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Figure 5.10: Morphology by scanning electron microscopy (a) poly(MeABO), (b) poly(75:25A),

(c) poly(50:50A), (d) poly(25:75A) and (e) poly(AESO)
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5.2.3.6. Dynamic mechanical analysis of polymers
The tensile modulus of all the polymers is listed in Table 5.4 and was observed to increase with
increasing AESO content. This is due to the higher stiffness imparted by higher crosslink density

as a result of increasing amount of AESO.

Table 5.4: Thermo-mechanical properties of crosslinked polyacrylate samples

Polymer Tensile Glass Storage Modulus, Active Mass
sample Modulus | Transition E’ Chains Retention
at 25 °C | Temperature, Density, n %) b
p (MPa) y (%) by
Tg Soxhlet
(MPa) (mol/m?3)
at25°C | at80°C .
. Extraction
(°C)
poly(MeABO) 0.6 -29.6 £ 0.0 14.3 N/A N/A 45
poly(75:25A) 6.2 21.4+1.4 59.0 5.9 670 61
poly(50:50A) 17.6 -24.2+20 53.0 17.7 2007 72
poly(25:75A) 23.4 244 +2.1 61.8 21.2 2409 86
poly(AESO) 41.9 -255+1.9 113.3 38.7 4380 93

Dynamic analysis with three-point bending revealed the change in storage modulus (real

component of the modulus relating to the elastic nature), loss modulus (complex component of the
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modulus relating to the viscous nature) and tan 6 (ratio of loss to storage modulus) with respect to
the temperature. Storage moduli at ambient conditions (at 25 °C) and in the rubbery plateau (at 80
°C) and the glass transition temperature (considered at maximum of tan ) are reported in Table
5.4. For Poly(MeABO), the rubbery plateau was not observed after a sharp decline in storage
modulus. Poly(MeABO) does not have AESO crosslinks and is expected to behave more like a
linear, random copolymer. The storage moduli of crosslinked samples increased with increasing
AESO content and this phenomenon can be explained by the higher crosslink density of the
network. The active chains density (n) of all the samples was calculated by the following equation:

El

"= 3RT

where E’ is storage modulus from the rubbery plateau (at 80 °C), T is the temperature at which
corresponding value of modulus is taken and R is the universal gas constant. All quantities bear Sl
units. The increase in the value of active chains density with increase in AESO content was due to
the multi-acrylate functionality of AESO. Figure 5.3 depicts a schematic of a crosslinked structure
of poly(AESOQ) with crosslinking points between the molecular segments; and can be considered
to be having higher crosslinking points than that of the polymer structure depicted in Figure 5.4.
Two major phenomena affecting glass transition temperature can be considered for the crosslinked
polymers presented in the current study — effect of crosslinking by multi-functional acrylates and
effect of long, linear aliphatic chains of AESO. Longer the alkyl chain of the acrylate monomer,
higher is the plasticizing effect which results in more decline in the glass transition temperature of
the polymer.[34] Same effect was observed in the case of polymethacrylates too.[34, 35] As AESO
quantity is increased, long aliphatic chains of AESO occupy more volume and space out the
polymer chains, imparting a plasticizing effect. Thus, increasing the amount of crosslinkable,

multi-functional acrylate with long, aliphatic structure can enhance the modulus by crosslinking
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but reduce the glass transition temperature due to the competing, plasticizing effect. Similar
observations have been reported earlier in other studies which utilized AESO,[25, 26, 36] soy
protein,[37] PEGDMA[38] etc. in the development of polyacrylates. A thorough analysis of the
varying effects on the glass transition temperature has been carried out in case of crosslinking and

copolymerization of methyl methacrylate and glycol dimethacrylates.[39, 40]

In present study, effect of copolymerization has been assessed by using Fox equation. As discussed
earlier, poly(MeABO) resembles a linear copolymer structurally, but poly(AESO) is a crosslinked
system. The plasticizing effect of poly(AESO) on glass transition temperature was predicted by
estimating the theoretical glass transition temperature of linearly homopolymerized AESO using

the group contribution scheme proposed as per the following equation.[41]

m

Tgpoly 2(1\/1 + M) Z ‘) + (ngMf)

=1 j=1

where, Tgi and M; are the glass transition temperature and molecular weight of the groups in the
main chain; whereas Tgj and M; are the glass transition temperature and molecular weight of the
groups in the side chain of the polymer structure. The effect of crosslinking contribution has been

analyzed with the help of Fox and Loshaek model.[42, 43]

K
TgTotal - TgFox + E

where, K/M. factor represents the crosslinking effect. Mc is the molecular weight of fragments
between the crosslinking points and was calculated with the help of experimental values of density
of sample and active chains density. The total effect of two effects was studied and compared with

the experimental values. The value of K was taken as 5200 K g/mol.[42, 44] The total effect of
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crosslinking and plasticizing segments is denoted in Figure 5.11 and was found to be closer to

experimental values.
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Figure 5.11: Glass transition temperature of crosslinked acrylates: Effects of copolymerization

and crosslinking

5.3. Conclusions
Aqueous phase of bio-oil contains modifiable hydroxyl compounds which can be transformed into
methacrylic monomers by methacrylation reaction. The methacrylated aqueous bio-oil is a mixture

of methacrylic monomers synthesized from corresponding alcohols and phenols present in the
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aqueous bio-oil. Free radical polymerization of methacrylated aqueous bio-oil is possible and
yields a predominantly non-crosslinked copolymer. The mechanical properties of methacrylated
bio-oil are improved by crosslinking with acrylated epoxidized soybean oil; however, the glass
transition temperature is reduced due to the plasticizing effect of long, aliphatic chains of the fatty
acid portion present in acrylated epoxidized soybean oil. The effect of crosslink density of
polymeric samples is evident from the measured values of tensile modulus, storage modulus, active
chains density and mass retention by Soxhlet extraction. The experimental values of glass
transition temperature can be fitted with the help of Fox and Loshaek model. Morphological
characteristics are similar in case of all polymeric samples with differences appearing in the brittle
fracture in case of crosslinked polymers. Utilization of aqueous bio-oil and soybean oil, both of
which are biomass-derived, tend to enhance sustainability of the crosslinked polymers which can

be used in the applications of elastomers, packaging materials and composites.
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General Conclusions

Wood, a lignocellulosic biomass, was pyrolyzed using fast pyrolysis process for producing liquid
bio-oil. Bio-oil was utilized as raw material for the synthesis of monomers and polymers. Using
GC-MS, 3P-NMR spectroscopy and FTIR spectroscopy, the chemical characterization of bio-oil
yielded compositional information and confirmed the presence of specific functional groups
including hydroxyl, phenolic, carboxyl, etc. The functional groups were reacted with reagents to
produce desired monomeric structures. Monomers were polymerized/co-crosslinked to construct

bio-based crosslinked polymer networks with high performance.

In chapter 2, bio-oil was co-reacted with phenol and formaldehyde to synthesize phenol-
formaldehyde resin — BioNovolac. Phenol was replaced by 10 wt% and 50 wt% of bio-oil during
synthesis of BioNovolac resins which were then interpenetrated with a-resorcylic-based epoxy
resin (GDGB) to develop semi-interpenetrating polymer networks (semi-IPN). Crosslinking of
GDGB was carried out using 4-DMAP in immediate presence of BioNovolac resin. Dynamic
mechanical analysis proved that the semi-IPNs of BioNovolac and GDGB displayed high glass
transition temperature and modulus. As 4-DMAP was used as anionic initiator, the quantity of 4-
DMAP needed for polymerization was typically less, indicating an overall reduction in
consumption of petrochemicals during the developments of crosslinked polymers with high
performance. BioNovolac/GDGB semi-IPNs can be potentially used as the polymeric matrices for

composite applications.
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In chapter 3, the treatment of bio-oil and BioNovolac with epichlorohydrin led to the synthesis of
varying epoxy resins that could be crosslinked with amine crosslinking agents. FTIR spectroscopy,
3IP-NMR spectroscopy and measurement of epoxy equivalent weight by HBr/acetic acid titration
proved the successful formation of epoxide rings. Epoxy resins were crosslinked by Jeffamine T-
403 hardener at elevated temperature. All epoxy, and epoxy-novolac thermoset systems displayed
comparable glass transition temperature and storage modulus to petroleum-based analogues as
assessed by dynamic mechanical analysis and differential scanning calorimetry. Crosslinked
systems possessing novolac backbone showed higher thermo-mechanical performance and
crosslinking density. Bio-oil and BioNovolac based epoxy resins could find applications in

coatings, adhesives and composites.

In chapter 4, the organic phase of bio-oil was reacted with cyanogen bromide in basic medium for
synthesizing cyanate ester monomers which were heated at elevated temperature under vacuum to
yield crosslinked cyanate esters. For inducing multi-functionality, organic phase of bio-oil was
reacted with 1,3,5-trioxane in acidic medium to form ORG-biphenol which chemically resembled
bisphenol-A. Cyanation was carried out with ORG-biphenol followed by curing program to
develop cyanate ester materials with superior thermo-mechanical performance. FTIR spectroscopy
confirmed the presence of O-C=N groups after cyanation reaction. Excellent glass transition
temperature upto 378 °C was recorded for cyanate ester derived from ORG-biphenol and surpassed

bisphenol-A based cyanate ester.

In the last chapter, the aqueous phase of bio-oil was used to obtain methacrylic monomers by
methacrylation reaction. Methacrylated aqueous bio-oil was polymerized in presence of acrylated
epoxidized soybean oil by benzoyl peroxide to vyield crosslinked polyacrylate materials.

Polyacrylates were found to have low glass transition temperatures ideal for elastomeric and
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packaging applications. Crosslinking and plasticizing effects of acrylated epoxidized soybean oil
on the glass transition temperatures were studied with Fox and Loshaek model. Group contribution
scheme was employed for the prediction of theoretical glass transition temperature of

homopolymerized AESO.

In general, it can be concluded that the organic compounds from the bio-oil can be transformed
into monomers and can be successfully polymerized to yield crosslinked thermosetting polymers.
The performance of bio-oil-derived thermosetting polymers was observed to be on par with their
petrochemical-based analogues. Minimum separation and purification of bio-oil was performed,
indicating the reduction in process complexity. Further, the bio-oil-based polymers proved to have
good compatibility with other bio-based systems as observed in the case of a-resorcylic acid-based
epoxy and acrylated epoxidized soybean oil. Utilization of aqueous phase of bio-oil helped to add
value to the aqueous phase often considered as a waste stream. Pyrolysis of lignocellulosic biomass
can be employed for efficient production of bio-oil that serves to be reservoir of chemicals for
developing high performance crosslinked polymers with increased bio-content and hence, the

sustainability.
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