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indicates that the monomer is leaching out of consumer goods where it is so commonly
used, most likely via drinking bottles, food containers, or the lining of cans where oral
consumption could occur; however, BPA exposure has also been reported to occur
dermally through the use of thermal receipt paper [4, 10, 11]. This, of course, is raising
concern for consumers and has influenced many studies to be conducted on the exposure
levels and health risks of BPA for humans [7, 10]. One particular study conducted on the
exposure of young children to BPA, estimated that the daily exposure between daycare
and home is approximately 42.98 ng of BPA per kg of human mass [10]. Other studies
conducted have connected BPA with health factors such as obesity, attention
deficit/hyperactivity disorder (ADHD), diabetes, reproductive issues, certain cancers, and
more [4]. While these studies are an obvious raise for concern, there are unfortunately no
ethical ways for scientists to accurately measure the effects of BPA on human health and

behavior, leaving the debate open [4, 7].

The possible toxic effects of BPA have many pushing for its removal entirely while
others are arguing that in small amounts BPA is harmless, and it should continue to be
used in the synthesis of durable plastics, can linings, and other everyday products [7].

While there is no clear answer, it is evident that search for safer alternatives is necessary.

1.3 Phenolic Resins

Phenolic resins first became popular after Leo Baeckeland’s discovery of Bakelite in
1907 [12-14]. Following, phenolic resins were found to be useful in coatings, adhesives,

and molded products, such as billiard balls [15, 16]. Two key factors in phenolic resin



syntheses are the route of catalysis (acid or base) and the molar ratio of phenol to
aldehyde/ketone. The difference in these key factors will allow the resin to be classified

as either a resol or a novolac [12-16].

A resole is synthesized by a molar excess of aldehyde/ketone in relation to phenol via
a base-catalyzed pathway [12-16]. Under these reaction conditions, oligomers are formed
in which units are connected by methylene bridges as well as dimethylene ether bridges
[15]. They also contain reactive methylol groups that allow them to crosslink and cure
upon addition of heat [14-16]. Because of this, resoles have gained popularity as wood
adhesives as they can be used to bond two layers together with just the addition of heat
[16]. Additionally, resole resins typically have higher molecular weights and are liquids

at room temperature. Figure 3 shows a representative structure of a resole resin.
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Figure 3. Representative chemical structure of a resole resin adapted from Rego et al.
[15]



A novolac, on the other hand, is synthesized with an excess of phenol under acid
catalyzed conditions [12-16]. Novolacs have a lower molecular weight than resoles and
are typically solid [16]. Here, the phenolic units are connected only by methylene
bridges, and lack the reactive methylol groups found in resoles [14, 15]. Because of this,
novolacs require the addition of fillers, aldehydes, or curing agents to be cured upon

heating [16]. Figure 4 below shows a representative structure of a novolac resin.

OH OH OH

I OH

Figure 4. Representative chemical structure of a novolac resin adapted from Rego et al.
[15]

The simplest known novolac is bisphenol-F, often referred to as BPF. BPF is
synthesized by combining phenol and formaldehyde under acid catalysis with an excess
of phenol. While synthesizing BPF is a simple procedure, it is difficult to obtain as a
standalone product as the reaction has a tendency to form higher molecular weight

novolacs through oligomerization [12, 13].



HO OH

Figure 5. Structure of Bisphenol-F (BPF)

While phenolic resins have gained popularity for their many uses, there is a need for
new routes of synthesis due to the toxicity of formaldehyde and other aldehydes and
ketones utilized [17]. For example, in 2012, Luna Innovations, Inc. worked with the U.S.
Environmental Protection Agency (EPA) to create formaldehyde-free thermosetting
polymers from phenolic liquids derived from various biomass sources. While they were
successful in creating these formaldehyde-free phenolic resins, the removal of
formaldehyde did result in a loss of mechanical properties that are characteristic of
phenolic resin systems [18]. Additionally, in 2015, Zhang and colleagues reported a
phenol-5-hydroxymethylfurfural (PHMF) resin that was synthesized using glucose and
phenol and cured with either organosolv or kraft lignin [17, 19]. While progress is being
made toward ‘greener’ synthesis routes of phenolic resins, there is still room to grow in

the optimization of resin characteristics and alternate routes.

1.4 Thermosetting Epoxy Resins

Polymers can be separated into two main classifications, thermoplastics and

thermosets. A polymer that can be softened with the addition of heat is considered a
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thermoplastic, while those that remain intact with the addition of heat until
decomposition occurs, are referred to as thermosets [14, 20]. Thermosets are crosslinked,
which allows them to be resistant to temperatures until bonds are broken and degradation
occurs [20]. This crosslinking also provides thermosets with a high stability in solvents,
in that thermosets do not dissolve, but rather swell [20]. One of the most common

thermosets on the market is epoxy resins [14].

An epoxy resin is a polymeric material that contains two or more characteristic
epoxide groups or oxiranes, that is, a cyclic ether as shown in Figure 6 [21, 22]. The
discovery of epoxy resins dates back to the late 1890s; however, it wasn’t until the late
1940s that they were produced commercially [21, 23]. Epoxy resins can be considered
pre-polymers in that they can be further reacted and ‘cured’ into thermosetting polymers
[21, 22]. They have displayed many desirable properties such as chemical and corrosion
resistance, thermal stability, and favorable to high performance mechanical properties
[21-26]. With this, epoxy resins have gained popularity in applications such as coatings,
adhesives, electronic materials, metal can linings, high performance polymers, and

composites [14, 21-26].
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Figure 6. Epoxide/oxirane functional group structure

The most prominent epoxy resin is the diglycidyl ether of BPA (DGEBA), which is
synthesized by reacting BPA with a molar excess of epichlorohydrin under basic catalysis
[21, 22]. There are two main ways that the epoxidation process can be carried out. In one
way, a strong base, typically sodium hydroxide, is used as the catalyst and
dehydrochlorinating agent. Initially, the base catalyzes the coupling of epichlorohydrin
with BPA or another similar monomer, producing a chlorohydrin, a compound containing
both a chlorine and hydroxyl group on adjacent carbons. From this, the chlorohydrin is
reacted with more of the same base to remove the chlorine group and close the oxirane

ring, producing the epoxy [21].

In an alternate method, the two steps are separated. Initially, a phase-transfer catalyst
is utilized to form the chlorohydrin. Following this reaction, a strong base is added to aid
in the dehydrochlorination of the chlorohydrin to complete the epoxidation. With this
method, there is more control over the separate steps, which typically reduces the amount

of oligomers formed [21].
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The highly desirable properties of epoxy resins are fully realized upon curing to form
a thermosetting polymer network. Typically, an epoxy resin, or pre-polymer, is cured
with the addition of an amine hardener, or curing agent, to form the thermoset [20]. The
reaction between amine and epoxy groups results in crosslinking that forms a three-
dimensional polymer network and ultimately provides the strength, durability, and
thermal stability of epoxy-amine thermosets. Primary amines are highly reactive with
epoxy groups, and will form a secondary amine upon the opening of the epoxide ring
[27]. This secondary amine will react with another epoxide group, and thus facilitating

crosslinking [27, 28].
1.5 Lignin

As the inevitable depletion of fossil fuels has weighed heavy in multiple industries,
the need and demand for the implementation of bio-based and renewable resources in
polymers has risen. With this, lignin, cellulose, and hemicellulose have shifted into the
spotlight. Lignin, found in the cell walls of woody and grassy plants, is considered one of
the most abundant renewable materials on the planet as it is estimated that 5-36 x 108 tons
of lignin are produced each year, and it could be replenished at a substantial rate world-
wide through sustainable foresting and agricultural practices [29-31]. Currently, lignin is
mostly known as a waste material of the paper and pulp industry that can be burned as
fuel. Lignin also has a higher carbon to oxygen ratio compared to other biomass sources,

making it an ideal candidate for the synthesis of bio-based materials [29-32].
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In nature, the percentage of lignin found within each plant varies based on the type of
plant but can be as high as 40% on a dry mass basis [31, 33]. This high molecular weight
polymer has a phenolic structure that can be broken down or depolymerized into smaller,
more useful chemicals that can then be utilized in various chemistries including epoxy
resins, polycarbonates, polymer composites, and more. Monomers that can be derived
from lignin include syringol, phenol, guaiacol, vanillin, and more. A proposed structure
of lignin that has been adapted from the American Chemical Society (ACS) can be found

in Figure 7 [29].
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Figure 7. Proposed structure of lignin fragment adapted from ACS [34]
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While lignin is readily available, one major obstacle in the utilization of lignin in
industry is the difficulty of depolymerization. This is due to the high stability of its
chemical structure [29, 30, 35]. For example, the structure features C-O-C and C-C
linkages that are rather complex, like a 3-O-4 linkage shown in Figure 8 [30].
Depolymerization is also challenging due to the tendency of depolymerized fractions to
undergo condensation reactions and repolymerize under typical conditions [30]. For
years, researchers have been looking for ways to improve the depolymerization process

such that lignin can be better utilized as a renewable feedstock in the chemical industry.

Figure 8. B-O-4 linkage that causes common issues in lignin depolymerization [33]

There are a few techniques that have become prominent in the conversion of lignin to
useful monomers, such as, pyrolysis conversion, acid catalytic conversion, and reductive
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conversion [30, 36]. Pyrolysis conversion is a process in which the lignin is exposed to
extreme temperatures in an anaerobic atmosphere. From here, the vapor is converted to
bio-oil at about 75% conversion by weight. However, due to the high oxygen content of
the bio-oil, it cannot be readily used as a fuel [30]. Acid catalytic conversion is popular in
the wood pulping industry and utilizes acid catalysis to break a- and B-aryl ether linkages,
which amounts to about 70% of all linkages found in lignin. The success of this
conversion, however, is based on the acid used as well as the solvent and specific lignin
sample [30]. In both processes, the final products are high in oxygen content, requiring a
deoxygenation step before the products can be utilized. Reductive conversion combines
the depolymerization and deoxygenation into one step, producing materials that can be
used as biofuel without further processing. Because of this, reductive conversion has
become one of the most popular methods, especially when H is utilized as a co-reactant

[30].

Guaiacol, a mono-phenolic that can be and is derived from lignin, has been used in
various applications since it was first extracted from guaiac, a tree resin, in 1843 [29, 37].
Medicinally, guaiacol has been used as an expectorant, antiseptic, and local anesthetic
[37]. Guaiacol has also been implemented in the production of vanilla, coffee, whiskey,
and tobacco flavor [38]. In the current age, guaiacol is most commonly produced via
methylation of petrol-derived catechol [37]. In this work, guaiacol is used as a phenol

substitute.
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Figure 9. Chemical structure of guaiacol

Vanillin, a popular phenolic, can be derived from lignin via hydrolysis and oxidation
under high pressure [33]. Vanillin is the main component responsible for that sweet,
recognizable vanilla flavor that has become a household staple [33, 39]. While vanillin
can be obtained naturally from vanilla beans, the beans must be cured first. As picked, the
vanillin is present as a vanillin glucoside. Through processing, this glucoside is broken
into glucose and vanillin [39]. Due to the limited harvest of vanilla beans and increasing
demand for vanilla, there has been an increased need for synthetic vanilla flavoring. The

chemical structure of vanillin is shown in Figure 10.
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Figure 10. Chemical structure of vanillin

In 1875, an anonymous statement mentioned that pulping waste liquor had a sweet
scent, similar to that of vanilla [39]. Researches looked into the possibility that vanillin
could be extracted from waste material, and by 1936, vanillin was being produced at a
commercial-scale in the United States from the lignin found in pulping waste [39]. In
2004, lignin containing waste from the paper and pulping industry was responsible for

about 15% of the vanillin market [40].

The reduction of vanillin produces vanillyl alcohol. Vanillyl alcohol contains a
hydroxymethyl group that aids in the reactivity between phenolic compounds [41-43].
Vanillyl alcohol has been reported in the literature as being successfully utilized in the
synthesis of bio-based bisphenols [41, 42]. In this research, vanillyl alcohol is reacted

with guaiacol.
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Figure 11. Reduction of vanillin to produce vanillyl alcohol [43]

1.6 Bisguaiacol

The synthesis of bisguaiacol (BG), a bio-based bisphenol, was reported by
Hernandez et al. as a greener alternative to typical bisphenol synthetic routes by
condensing vanillyl alcohol with an excess of guaiacol under acid catalysis via ion-
exchange resin catalyst, Amberlyst 15 [42]. This synthesis produces an isomeric mixture
of BG, water, and an oligomeric coproduct as shown in Figure 12. From BG, the
diglycidyl ether of BG (DGEBG) was synthesized via epoxidation with epichlorohydrin
and blended with commercially available DGEBA resin, Epon 828 [42]. Through
thermomechanical testing, it was determined that the presence of the methoxy substituent
causes a decrease in glass transition temperature, Tg, but increases the storage modulus

(E") of cured resin systems [42].
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Figure 12. Bisguaiacol synthesis

A recent toxicity assessment performed by Peng et al. showed that the presence of
the methoxy moiety reduced the estrogenic activity of bisguaiacols compared to
bisphenols, thus demonstrating BG (referred to as BGF) as a less toxic alternative to BPA
or BPF [44]. This analysis was performed on 6 bisguaiacols with varying number and
location of methoxy moieties using two in vitro assays at both the whole-cell and RNA-
expression levels [44]. This study concluded that BG has a significantly lower estrogenic

activity than that of BPA at concentrations of 107°-107 M [44].

This work uses an adapted synthesis of BG as an effort to improve the ease of
processability. Through flash chromatography, a separation technique, the reaction
mixture is separated to give an isomeric mixture of bisguaiacol, excess guaiacol, and an
oligomeric coproduct. This oligomeric coproduct is the main focus of this work in which
it is thoroughly characterized and transformed for use in epoxy-amine thermosetting
resins. This is done with the purpose of proving or disproving the hypothesis that the
coproduct will have a higher crosslink density, thus higher glassy modulus and improved
strength over commercially available counterparts due to the ability of the methoxy

functionalities to hydrogen bond with hydroxyls formed during the curing process.
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Figure 25. Representative DMA thermograms of the cured resins

The results of this analysis are summarized in Table 4, displaying T4 determined
from loss modulus (E™"), tan delta ( /), and DSC thermograms as well as the storage
modulus at room temperature (E* @ 25 °C) and density () of the samples. The E™ trace
shows relaxations for the cured resins around 50 °C. These relaxations represent the
small chain motions of side groups, resulting from the methoxy groups present in the

coproduct [71].

While T4 can be determined via the loss modulus and tan /thermograms, the tan /
thermogram typically gives a higher T4 value, making the value obtained from E™* a more
cautious estimation. Furthermore, the Ty value from the E*” thermogram coincides more

closely with the inflection point in the storage modulus thermogram [82]. In some cases,
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the peak of the tan 6 thermogram is more prominent than that of the E”* thermogram and
thus, proves to be a more accurate estimation. In this work, peaks of both curves are

prominent and thus, both values are reported.
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Chapter 5

Conclusions and Future Work
5.1 Conclusions

This thesis work explored the use the oligomeric coproduct of the synthesis of
bisguaiacol (BG) as a phenolic thermosetting resin. The highly phenolic coproduct was
characterized as a low molecular weight novolac and was successfully synthesized into
epoxy-amine thermosetting resins showing promising thermal stability and
(thermo)mechanical properties. Finding viable applications for the coproduct increases
the overall economic feasibility of the reaction by giving use to both the intended
product, BG, and the coproduct. This work also demonstrates the potential of bio-based
phenolics derived from lignin to be used in the synthesis of materials with high

performance attributes.

Epoxy-amine thermosetting resins composed of the epoxidized coproduct and
either PACM or Epikure W showed promising thermal properties including good thermal
stability compared to BPA-based resins and T4 values over 100 °C. The ability of the
epoxidized coproduct to create thermosetting resins with extent of cure values over 95%
and promising thermal stability and thermomechanical properties on its own shows
promise for its abilities to improve additive manufacturing formulations for military

applications such as composites, adhesives, and coatings.

The central hypothesis of this work as stated in Chapter 1, is that BG and its

coproduct is hypothesized to have a higher crosslink density, thus higher glassy modulus
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and improved strength over commercially available counterparts due to the ability of the
methoxy functionalities to hydrogen bond with hydroxyls formed during the curing
process. This was partially proven through this work by demonstrating the improved
glassy modulus and strength of the cured epoxidized coproduct samples over that of
cured BPA-based epoxy resin systems. To fully prove this hypothesis, it is necessary for
the thermomechanical properties of cured epoxidized coproduct resins to be directly
compared to that of commercially available epoxy novolac resins. Doing so will provide

a more direct comparison and thus fully proving the central hypothesis of this work.

5.2 Recommendations for Future Work

5.2.1 Fractural and flexural testing. As stated, only preliminary fracture testing was
able to be done. It is critical that additional fracture testing be completed to gain a
concrete analysis on the toughness of the cured resins compared to commercially
available resins. The ability of the methoxy substituents to hydrogen bond with the
hydroxyls formed through resin cure increases the crosslink density and glassy modulus,
thus improving the strength of the material. The preliminary data obtained supports this;
however, further testing needs to be completed to gain a more complete understanding of
how the toughness of the epoxidized coproduct resins compare to those that are
commercially available. Additionally, flexural testing was not performed on the cured
resins in this work due to limitations. Performing flexural testing in addition to further
fracture testing will provide deeper insight into the strength and toughness of the

thermosets produced from the oligomeric coproduct.
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5.2.2 Commercial comparisons. The thermosetting resins synthesized in this work
were compared to commercial BPA-based resins. A more relevant comparison could be
made if the thermosetting resins from the coproduct were compared to a commercial
novolac epoxy resin. Possible comparisons include Epikote 154, Epon 161, and Epon 165
from Hexion. Epikote 154 is an epoxy phenolic novolac having a functionality of 3.6 and
an EEW of 176-181 g/eq. Epon 161 is a BPF epoxy novolac having a functionality of 2.5
and EEW values ranging from 169-178 g/eq. Finally, Epon 165 is an epoxy cresol
novolac with a functionality of 5.5 and an EEW ranging from 200-230 g/eq. While each
of these resins would provide a more direct comparison than Epon 828, Epon 165 would
give the strongest direct comparison of a commercial resin to the epoxidized coproduct

resin.

The epoxy cresol novolac should be the closest to the low molecular weight novolac
produced in this due to the structural similarity between cresol and guaiacol over that of
phenol. Both cresol and guaiacol are monosubstituted phenols. Cresol has a methyl group
meta to the hydroxyl and guaiacol has a methoxy group ortho to the hydroxyl. The main
difference between the two in this case is how isomers would likely form in novolac
synthesis. Both methyl and methoxy groups are ortho-para directors that activate the ring
and donate electrons [51, 75, 76]. In the case of the epoxidized coproduct, the novolac is
synthesized by both vanillyl alcohol and guaiacol. The hydroxymethyl present in vanillyl
alcohol will form the methylene bridging between rings. Therefore, there will always be
one para linkage due to the hydroxymethyl being para to the hydroxyl in vanillyl
alcohol. In cresol, there is a position in which the linkage could be ortho to both the
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hydroxyl and the methyl groups. Additionally, being para to one of the groups would be
ortho to the other. For guaiacol, whether the linkage was ortho or para to the hydroxyl or
the methoxy, it would be meta to the other functionality. For example ortho or para to the
hydroxyl would be meta to the methoxy and vice versa. Figure 27 below provides the

structures for cresol, guaiacol, vanillyl alcohol, and phenol.

HO

OH OH OH

OCH,

OCH;

OH

Cresol Guaiacol Vanillyl Alcohol Phenol

Figure 27. Chemical structures of cresol, guaiacol, vanillyl alcohol, and phenol

Furthermore, the epoxy cresol novolac has a functionality of 5.5. As described in
Chapter 4, NMR analysis of the coproduct spiked with cyclohexane gave the estimation
that the coproduct would have 5 hydroxyl groups present per molecule. Given that both
15 molar excess and 30 molar excess of epichlorohydrin provided the same EEW on

average, it is assumed that the epoxidized coproduct would have a functionality of 5.
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Additionally, the EEW of the epoxidized coproduct is 207 g/eq. on average. The EEW
reported by Hexion for Epon 165 is a range from 200-230 g/eq. These similar values
along with the similarity in structure of cresol and guaiacol lead to Epon 165 being a

great direct commercial comparison for the epoxidized coproduct.

Additionally, Epon 161, the BPF epoxy novolac, would be a good comparison since
BPF has methylene bridging like bisguaiacol and the coproduct. Moreover, the synthesis
of BPF occurs in an excess of phenol while the bisguaiacol synthesis occurs in an excess
of guaiacol, a monosubstituted phenol. The downside of this comparison, however,
would be that Epon 161 only has a functionality of 2.5 and an EEW ranging from 169-
178 g/eq., both falling lower than the epoxidized coproduct. As future work, I think it
would be beneficial to compare the epoxidized coproduct resin to these commercial
epoxy novolac resins to gain a better understanding of how the epoxidized coproduct

performs compared to similar commercial resins.

5.2.3 Potential applications. The low molecular weight novolac studied in this work
shows promising thermal properties when used in its epoxidized form to create
thermosetting resins. Because of the promising results when used on its own, the
coproduct shows great potential for use in various formulations including composites,
adhesives, and coatings. Novolac resins and epoxy novolac resins have proven to be
valuable in composite formulations. Rimdusit et al. developed wood-substituted
composites using a polymer alloy of benzoxazine and novolac resins, and found that the

addition of the novolac lowered the curing temperature, thus preventing the degradation
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of the woodflour during the curing process [86]. Another example of novolac resins
improving composites is presented by He et al. in which researchers modified carbon
fiber reinforced epoxy composites with a novolac resin [87]. In this case, novolac resin
was loaded to the epoxy resin in varying amounts before addition of carbon fibers [87].
Results found that the addition of the novolac resin when added at 7-13% showed
significant improvement of interlaminar sheer strength and impact strength compared to
the carbon fiber reinforced composites without the novolac resin [87]. The coproduct
studied in this work in both its novolac and epoxy novolac forms could be formulated
into composite materials to improve properties such as strength, temperature stability,

and curing properties.

Another industrial application in which the low molecular weight novolac coproduct
has great potential is adhesives. Phenolic resins have been shown to provide water,
weather, and temperature resistance in adhesive formulations, specifically in the cured
glue line of the bonded joint [88]. More specifically, epoxy novolac resins provide a
greater crosslink density, thus producing improved temperature resistance and adhesive
strength retention; however, the greater crosslink density also causes increased brittleness
in most cases [88, 89]. Because of this, epoxy novolacs are more often used in

formulations as modifiers of properties rather than on their own [88].

For example, Ahmed et al. recently created an interpenetrating polymer network
(IPN) adhesive using a novolac and a BPA-based epoxy [90]. IPNs were created in

Epoxy:Novolac ratios of 4:1, 4:2, 4:3, and 1:1 [90]. Their results showed that the 4:1
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Epoxy:Novolac IPN was stiffer than the other adhesives and showed higher
interpenetration [90]. Additionally, oxazolidinone modified novolac epoxy (EPN-OXA)
resins have been used by Pal et al. to create a structural film adhesive for use in aerospace
applications [91]. The EPN-OXA was blended with other materials, including a solid
epoxy resin and a toughened liquid epoxy resin, and cured at 170-180 °C [91].
Researchers successfully produced a film adhesive optimized to have a high lap shear

strength that can be obtained up to 75% at 196 °C [91].

Both recent examples of novolac resins in adhesive formulations demonstrate the
potential of the epoxidized coproduct to be modified or be used as a modifier in such
formulations. The epoxidized coproduct itself is a highly viscous liquid that displays
adhesive properties during processing. It would likely be beneficial to explore the
adhesive properties of the epoxidized coproduct itself through testing such as lap sheer
strength and peel tests to gain a foundational understanding of how the epoxidized

coproduct could benefit an adhesive formulation.

A final potential application for the low molecular weight novolac studied in this
work is coatings. In the coatings industry, epoxies are typically used in formulations for
their ability to promote adhesion of the coatings to various surfaces including glass and
metal [92, 93]. Phenolic novolac epoxy resins specifically can reduce shrinkage during
cure, thus improving peel strength [93]. Yadav et al. synthesized blend samples of a
cardanol-based epoxidized novolac resin (ECF) with varying amounts of carboxyl-

terminated poly(butadiene-co-acrylonitrile) (CTBN) ranging from 0-25 wit% for
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application in surface coatings [94]. CTBN was used as a liquid rubber to counteract the
brittleness associated with epoxy resins [94]. Results showed that compared to pure
epoxy resins, the blends showed improved impact strength, adhesion, and flexibility of
the form [94]. They found that the epoxy novolac resin with 15 wt % CTBN showed the
best resistance to temperature and solvents [94]. Overall, the blends showed great

potential for surface coatings applications.

In another study performed by Atta et al., bisphenol novolac resins were synthesized
for use as organic marine coatings [95]. The bisphenol was synthesized via phenol and
benzaldehyde then synthesized to novolac resins in both melt and solution processes [95].
The resin was tested as an epoxy coating with varying amounts of curing agent by being
sprayed on steel panels with a uniform wet film thickness [95]. After undergoing various
analytical tests on the coating, it was concluded that the resins synthesized had superior
chemical resistance and could be used in linings for petroleum tanks, ships, salt barges,
and other applications [95]. It would likely be beneficial to explore the use of the

epoxidized coproduct in coatings formulations, especially epoxy coating formulations.

Overall, the low molecular weight novolac studied in this work could find use in a
variety of applications. The thermal resistance, thermomechanical properties, and
preliminary fracture results displayed in this work show potential for the improvement of
thermal resistance in military applications such as composites, adhesives, and coatings.

Further analysis of the cured resins studied in this work would aid in narrowing down the
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more specific applications for the coproduct as well as expected improvements to already

existing formulations when incorporated.
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Appendix A

'H-NMR Spectra
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Figure Al. *H-NMR spectrum of the bisguaiacol isomeric mixture
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Figure A2. *H-NMR spectrum of the oligomeric coproduct
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Figure A3. 'H-NMR spectrum of the oligomeric coproduct spiked with cyclohexane
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Figure A4. TH-NMR spectrum of the epoxidized coproduct with epoxide peaks integrated
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Appendix B

FTIR Spectra
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Figure B1. Representative overlay of near-IR spectra of the epoxidized coproduct and
Epikure W before and after cure
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Appendix C

TGA Thermograms
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Figure C1. Representative TGA thermograms of the cured resins in air
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Appendix D

DSC
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Figure D1. Representative DSC trace of the cured resin comprised of epoxidized
coproduct and PACM
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Figure D2. Representative DSC trace of the cured resin comprised of epoxidized
coproduct and Epikure W
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