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This work outlines the synthesis and characterization of a green epoxy resin derived from bark
extractives. The resins were prepared at various temperatures and catalyst amounts to determine
an optimal for the yield and epoxy equivalent weight value. FTIR and NMR techniques were
used to characterize the chemical structures of extractive-based epoxy (E-epoxy) monomers.
Measurement results indicated a successful epoxidation of bark extractives after reaction with
epichlorohydrin. GPC results revealed that the molecular weights and polydispersities of E-epoxy
monomers were lower than that of lignin epoxy (L-Epoxy) monomers. The curing kinetic
parameters calculated with the Kissinger method and the Model-Free method showed that E-
Epoxy had a lower curing activation energy value than petroleum-based epoxy (P-Epoxy).
Compared to P-Epoxy, E-Epoxy displayed comparable tensile strength and thermal stability.
Research outcome demonstrated promises of using bark extractives to synthesize epoxy resins
replacing toxic bisphenol A.

1. Introduction

Epoxy resins have widespread uses ranging from sealing integrated circuits to rocket coatings due to their high strength, good
compatibility with most materials, and great thermal stability. However, with the recent awareness of toxicity associated with a
bisphenol A (BPA), a key ingredient of epoxy resin, there is a need to develop alternative safe raw materials for the resin synthesis.
During the past decade, researchers have explored several natural resources to replace BPA, such as vegetable oil (soybean oil'-2,
linseed oil®, palm oil*, castor 0il®> and cashew nut shell liquid®), simple polyols’, lignin®?, rosin'®, and liquefied biomass'!-13. These
polymers can reduce dependency of the resin synthesis on petroleum resources and have the potential to be also biodegradable.
Among these alternatives, vegetable oil, liquefied biomass, and lignin have emerged as the most promising materials, mainly owing
to their commercial feasibility’*. Nevertheless, these renewable resource-derived polymers have limitations. For example, the
aliphatic structure of epoxidized oil results in low mechanical strength and poor thermal stability®®. In order to improve these
properties, liquefied biomass, with a high aromatic ring structure content, is used to enhance polymer mechanical and thermal
performance!é. However, the liquefaction process is energy intensive and requires toxic solvents, like phenol'’. Lignin, the major
waste material from the pulping industry, has been used to produce lignin-based epoxy with good mechanical performance and
thermal stability. However, the molecular weight of lignin ranges from 2,000 Da to 50,000 Da*8, leading to high viscosities that
may cause difficulties during manufacturing or use since a major application of epoxy resins is in adhesives which require moderate
viscosities in order to perfectly wet the substrate surfaces!®. On the other hand, bark extractives contain large amounts of low
molecular weight polyphenols and require less energy to extract. They have good potentials to be used as alternative materials to
replace BPA. However, there is no reported work on bark extractive-based epoxy resin in the literature.

Tree bark, a waste material of timber processing, is abundant, renewable, and rich in phenolic compounds. Compared to wood,
bark contains a higher amount of lignin and polyphenols (42-55%)%. However, bark is usually considered to be a waste and is
used as firelogs or burnt as hog fuels, despite having a heating value two times lower than fuel oil?X. Recently, various polymers
have been developed from bark, including novolac?? and resol-type® phenol formaldehyde resins (PF) as well as polyurethane?.
Low molecular weight polyphenolic compounds can be extracted from bark using various solvents, such as acetone, ethanol,
methanol, organic solvent mixtures, and 1 % NaOH@q). Among these extraction, 1 % NaOHaq) was reported to be able to extract
the phenolic compounds from barks with a high yield?®>. Most importantly, the alkaline treatment has shown promise in achieving
complete utilization of lignocelluloses without little impact to the environment?. In addition, epoxy resins are synthesized with
epichlorohydrin under alkali condition, and thus, the remaining sodium hydroxide in the bark extractives could also promote the
epoxidation reaction. Although alkali treatment dissolves a large amount of low molecular weight polyphenols, other fractions of
bark are also extracted that include lignin, cellulose, and hemicellulose. These components, which contain large amount of hydroxyl
groups, can also react with epichlorohydrin. Thus, in this study, commercial lignin and cellulose were also included as model
compounds to elucidate some of the characterization results of bark extractive based epoxy resins.

The objective of this study is to develop a novel type of epoxy monomers from bark extractives via a conventional epoxy resin
synthesis process. The chemical structures of uncured monomers were investigated using Fourier transform infrared spectroscopy
(FTIR) as well as nuclear magnetic resonance spectroscopy (NMR). Resin molecular weight and curing behaviour were studied
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using gel permeation chromatography (GPC), and differential scanning calorimetry (DSC), respectively. Finally, thermal stability
and mechanical performance of the cured bark-based resins were examined and compared to conventional BPA derived epoxy
resins using thermogravimetric analysis (TGA) and a universal mechanical tester.

2 Materials and Methods
2.1 Materials

Mountain pine beetle infested lodgepole pine (Pinus contorta) bark was provided by FP-Innovations. Cellulose microcrystalline
powder, epichlorohydrin (99%), dichloromethane, and tetrabutylammonium hydroxide solution (1.0 M in methanol) were
purchased from Sigma Aldrich, ON, Canada. Sodium hydroxide (pellet), acetone (>99.5%) and 1,4-dioxane (99%) were
purchased from Caledon Laboratory Chemicals, ON, Canada. Lignin, protobind 1000, was purchased from ATM India Ltd,
Maharashtra, India. EPON 863 Epoxy resins and EPIKURE W amine type curing agent were supplied by Momentive Specialty
Chemicals, OH, USA.

2.2 Methods

2.2.1 Bark Extraction

Bark extractives were obtained from bark chips using 1 % NaOHag) solution at 90 °C for two hours with a 10:1 solvent/bark weight
ratio. After filtering the residue fraction, the concentrated extractives were spray-dried using a laboratory spray drier (YYamato
GB210) under the following conditions: inlet temperature of 160 °C, outlet temperature of 60 °C and air pressure of 0.1 MPa.

2.2.2 Synthesis of bark extractive epoxy resins

Extractive-based epoxy resins were prepared following a similar method as reported for commercially available resins. Bark
extractives (15 g), epichlorohydrin (150 g), 1,4-dioxane (150g) and tetrabutylammonium hydroxide solution (2 mL) were placed
into a round bottom 3-neck glass flask and the temperature was raised to 60 °C while stirring. An excess of epichlorohydrin was
used in a mass ratio of bark extractives to epichlorohydrin of 1 to 10. The experiments was carried out following a two-factor
design, including three synthesis temperatures (40°C, 60°C, 100 °C) and three catalyst molar ratios (0.5mol, 1mol,2 mol). 50 %
w/w sodium hydroxideqg) was then slowly added to the mixture using a pressure-equalizing dropping funnel while stirring. The
flask was kept at 60 °C for a total of 6 hours to achieve the addition reaction of epichlorohydrin and the ring formation of epoxy
groups. The products were then diluted and washed with acetone, and the solution was filtered to remove salt. The acetone and
non-reacted epichlorohydrin in the filtered resin solution were evaporated using a rotary evaporator at 120 °C under reduced
pressure. Lignin-based epoxy resin and cellulose-based epoxy resins were prepared following the same extraction and synthesis
procedure as described.

2.2.3 Curing of the epoxy monomers

Samples used for the physical testing were prepared by solvent casting and the amount of curing agent was adjusted according to
the resin’s epoxy equivalent weight (EEW) value. Epikure W was used as a curing agent, and the resins were then placed in an
oven for curing. The cure profile was designed as follows: 80 °C for 1 hour followed by 121 °C for 1 hour and 177 °C for 2 hours.
Five samples were prepared and the average value was reported.

2.3 Characterization techniques

2.3.1 Epoxy equivalent weight (EEW)

The epoxy content of the synthesized resin was determined according to ASTM D1652. 0.2 - 0.8 g of epoxy resin was placed in a
50 mL flask and dissolved in 10 - 15 mL of methylene chloride. Crystal violet at 0.1 % w/w (4,4’,4”-methylidynetris-(N,N-
dimethylaniline) in glacial acetic acid was used as the indicator. The solution was titrated with 0.1 N of hydrogen bromide in acetic
acid. The hydrogen bromide solution was standardized by 0.4 g of potassium hydrogen phthalate each time before EEW
determination.

2.3.2 Differential scanning calorimetry (DSC)

Curing behavior and glass transition temperature (Tg) of the bio-epoxy resins were evaluated with a differential scanning
calorimeter (DSC) model Q 100 from TA instruments under nitrogen atmosphere. Dynamic DSC measurements were carried out
at a ramp rate of 5, 10, 15, and 20 °C /min at a temperature range from 30 to 300 °C to obtain the curing heat-flow curves of the
liquid samples. Isothermal measurements were carried out from 140 - 170 °C. After, the cured samples were heated up to 300 °C
at 10 °C /min to obtain the Tg of the fully cured samples.

2.3.3 Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was performed on a Bruker Tensor 27 spectrometer with temperature controller - 10977. Samples were sandwiched
between two KBr pellets. All FTIR spectra were recorded over 4000-400 cm* wavenumbers at a resolution of 4 cm* with 28 scans.
2.3.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed using a TGA 2950 from 25°C to 800 °C at a heating rate of 10 °C /min under air and
nitrogen flow.

2.3.5 Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC) analysis was conducted on a Waters 2695 separation module with a Waters 2998
photodiode array, a Waters 2414 refractive index detector, and two Waters Styragel 5 um, HR 4E 7.8 x 300 mm column in series.
The mobile phase used was HPLC grade THF, at 1.2 mL/min flow rate. The calibration curve was generated by narrow disperse
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polystyrene standard from 156,000 Da to 580 Da in THF.

2.3.6 Nuclear magnetic resonance (NMR)

NMR spectra were obtained from a Varian NMR System 500 MHz spectrometer using a 5-mm carbon detection probe. 50 mg of
samples were dissolved in deuterated solvents in the presence of 0.05% sodium 3-trimethylsilylpropionate-d4 (TMSP) as an
internal reference. Heavy water (D20) was chosen to dissolve bark extractives and deuterated chloroform (CDCls) was used to
dissolve the rest of the epoxidized samples. All spectra were referenced to the *H and 3C signals of TMSP at 0 ppm. The 'H
spectrum was recorded at 25 °C after 526 scans. A 30° pulse flipping angle, a 3.98s acquisition time, and 1s relaxation delay time
were used. The 13C NMR-1D NMR spectra were recorded at 25 °C after 1000 scans. A 30° pulse flipping angle, a 1.67s acquisition
time, and 2s relaxation delay time were used.

2.3.7 Mechanical Universal Testing Machine

Tensile properties of the cured epoxy resins were tested at room temperature using ASTM type E tensile specimens. A standard
computerized testing machine (Instron Model 20) was used in accordance with the ASTM D-638 procedure with a load cell of 2
kN and a cross head speed of 2.5 mm/min. Five specimens were measured for each formulation and analyzed using one-way
ANOVA.

3. Results and discussions
3.1 Yield and epoxy equivalent weight (EEW)

The efficiency of the addition reaction of the epoxy group was significantly influenced by the reaction temperature and the amount
of catalyst. Fig. 1 (a) shows the relationship between the yield and the reaction temperature for the extractive-based epoxy (E-
Epoxy) synthesis. When the synthesis temperature increased, the yield of bio-resins also increased. However, higher temperatures
resulted in more side reactions, which led to difficulties during the subsequent washing steps. In the solvent washing steps, acetone
was first utilized to dissolve the crude products and remove the by-product, salt. To complete the purification and remove the
remaining unreacted extractives, chloroform and water were then used for the liquid-liquid extraction. When the reaction
temperature was above 80 °C, the emulsion layer of liquid-liquid extraction became thicker and remained longer due to the higher
number of hydrolyzed epoxy rings. We also found that the EEW values reduced as the heating temperature increased, likely due
to a higher substitution epoxidation.

The relationship between the yield and the catalyst amount is shown in Fig. 1 (b). When the catalyst molar ratio was equal to half
of a mole, the epoxidation reaction proceeded minimally. In contrast, when the catalyst molar ratio was equal to two moles, the
resins exhibited higher yield values possibly due to hydrolysis reactions during the synthesis. Our results indicated that the more
suitable catalyst amount is 1 mole. Thus, in this study, the synthesis temperature was set at 60 °C, the catalyst amount at 1 mole,
and the reaction time for 6 hours.
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Fig. 1 Effect of reaction temperature (a) and catalyst amount (b) on the product yield and EEW value

3.2 Characterization of bio-epoxy resins

Fig. 2 (a) shows the IR spectra of the bark extractives, the E-Epoxy and the commercial epoxy resin (P-Epoxy). The characteristic
absorption bands of bark extractives appear at 3417 cm (OH stretching), 2929 cm(CH2 asymmetric), 2858 cm™* (CH2 symmetric),
2715 cm (Aldehyde C-H), 1600 cm™ /1426 cm™* (C=C aromatic rings), 1097 cm (C-O stretch in hemicellulose), and 1017 cm'?
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(C-H stretch in cellulose)?. After the bark extractives were reacted with epichlorohydrin to form E-Epoxy, exposy
functionalization was confirmed by the observation of the absorption peak at 908 cm (asymmetric) and 852 cm™ (symmetric),
corresponding to the vibration of the epoxide functional group®-2°. Compared to the bark extractives, another significant difference
was the lower OH stretching band intensity of E-Epoxy. Other characteristic peaks of E-Epoxy include aromatic C-H stretch (3055
cm1), aldehyde carbonyl stretch (1724 cm™t), epoxy ring stretch (1252 cm™1), and C-O-C stretch (1101 cmt). In addition, E-Epoxy
contained a higher percentage of alkanes and carbonyl groups than P-Epoxy, which could be attributed to the presence of lignin
and polysaccharide in the bark extractives.

To understand better the influence by the major components in the bark extractives, the IR spectra of epoxidized lignin extractives
(L-Epoxy) and epoxidized cellulose extractives (C-Epoxy) are shown in Fig. 2 (b). L-Epoxy showed strong aromatic stretch
absorption bands at 3052 cm* (C-H stretch), 2263 cm™/ 2033 cm! (Ring substitution pattern), and 1632 cm™ /1501 cm™ (Ring
stretch). In contrast, C-Epoxy had a long-chain band absorption at 710 cm™ and a strong alcohol vibration at 1113 cm ™ which also
appeared on the E-Epoxy IR spectrum.
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Fig. 2 FTIR spectra of (a) bark extractives, epoxidized bark extractives and commercial epoxy resin, (b) bio-epoxy resins

Successful functionalization of the bark extractives was also supported through *H NMR and 3C NMR spectroscopy. Epoxidized
bark extractives (Fig. 3) showed fewer OH hydrogens from shifts at 3.6 ppm to 3.9 ppm and showed the appearance of signals at
chemical shifts of 2.58, 2.77, and 3.13 ppm representing the epoxy rings and 3.3 and 3.6 ppm from the protons attached to an ether
bond, differing from the bark extractives (Fig. 4). The chemical shifts at 9.8 ppm and 9.7 ppm were attributed to the protons
attached on the aldehyde groups. Other aromatic ring protons are shown at 6.3 - 7.8 ppm, with the signal at 6.8 ppm particularly
assigned to the aromatic protons in the guaiacyl unit®,

The difficulty of analyzing the extractive-based epoxy resins by *H NMR was mainly caused by overlapping signals; therefore, the
13C NMR was used for further investigation. In the 13C NMR spectra, the aromatic structures from extractives and lignin were
observed between 174.3 and 106.6 ppm as shown in Fig. 3 (b). The chemical shift at 174.3 ppm belongs to the carbonyl group on
the linkage between catechin and gallic acid of the extractives®. The chemical shifts at 150.2 - 147.4 ppm, represent Cs and Cy
attached with phenolic hydroxyl groups on the A ring, while chemical shifts at 146.7 - 144.6 ppm represent C+ and Cs attached
with phenolic hydroxyl groups on the B ring. Other aromatic carbons in flavonoids structures show their chemical shifts at 130
ppm for the C1 -, at 115 - 110 ppm for Cs (interflavonoid bond C4 - Cg) and at 105 ppm for the Cs (interflavonoid bond Ca - Ce)*2.
The absence of the C4— Cs interflavonoid band at 95 ppm and the presence of the C4— Cg interflavonoid band at 105 ppm suggested
that the units are exclusively linked to C4—Cs, a classical pattern for a procyanidin. When Ca connects with ring A, its chemical
shift would be observed at 36.5 ppm and when Cx is free, its chemical shift would be located at 29 ppm?33,

In addition, lignin fragments were observed in both the aromatic region (150-110 ppm) and the aliphatic region (72-54 ppm). These
peaks were also confirmed by comparing with the lignin-based epoxy resin (Fig. 5). The major mono-lignin unit in pine bark is
guaiacyl (G) and the dilignin that commonly contains beta-O-4 bonding (48%) and biphenyl bonding (9.5-11%)3*. The chemical
shifts at 150-145 ppm were assigned to the Cs and Ca on the G unit. The chemical shifts at 134 ppm, 132 ppm, and 126 ppm
correspond to Ci1, Cs (etherified), and Cs (non-etherified), respectively. Other aromatic carbons in the lignin fraction includ
chemical shifts at 123 ppm (C1 and Cs in ¢—C(=0)C—C units), 113ppm (Cs in G units), and 110 ppm (Cz in G units). In the aliphatic
region, Cq (71.8 and 71.2 ppm), Cp (129 and 54 ppm), and Cy (63 and 62 ppm) were also observed®.

Furthermore, the chemical shifts at 44.1 ppm, 50.7 ppm, and 69.3 ppm are related to the epoxy rings. Note that the absence of
chemical shift at 45.2 ppm implies that there is undetectable level of residual or unreacted level of epichlorohydrin in our bio-
resins. Therefore, the liquid-state NMR confirmed that the bark extractives were successfully epoxidized with epichlorohydrin and
that by NMR the backbone structures are more similar to lignin than to cellulose (Fig. 6).
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Fig. 6 Liquid state NMR spectrum of the cellulose-based epoxy monomers

GPC was used to evaluate the molecular weights of the E-Epoxy and L-Epoxy. In Table 1, the number average molecular weight
(Mn) of E-Epoxy is shown to be 588 Da and the polydispersity to be 1.36, while that of L-Epoxy are 1071 Da and 2.06, respectively.
Compared to L-Epoxy, E-Epoxy exhibited a lower molecular weight and narrower polydispersity, which may offer more uniform
performance of the cured resin.

Origin software (version 8.6; Microcal Software Inc., Northampton, MA) was used to separate the multi-peaks in the GPC results.
Three peaks were identified in E-Epoxy and four peaks were identified in L-Epoxy. Comparing Fig. 7 (a) with (b), the first peak
of L-Epoxy is 3891 Da, which is similar to the molecular weight reported for alkali lignin by other researchers?® 35, We suggest
that the first peak of E-Epoxy (1071 Da) and the second peak of L-Epoxy (1396 Da) are from epoxidized lignin fragments with 5
or 6 monolignol monomers. The second peak of E-Epoxy (513 Da) may be an epoxidized catechin which reacted with four
epichlorohydrin units. This is a likely explanation since the peak of 528 — 529 Da is the most common repeating unit shown in
commercial tannins®.. The third peak (345 Da/372 Da) and fourth peak (277 Da) might be assigned to the epoxidized resin acid
and epoxidized coniferyl alcohol, respectively.

Table 1 Molecular weight and polydispersity of E-Epoxy and L-Epoxy

Mn Mw PDI Peakl Peak2 Peak3 Peak4
E-Epoxy 588 (26) 796(21) 1.36 1071 513 345 -
L-Epoxy 1071(43) 2210(39) 2.06 3891 1396 372 277
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Fig. 7 GPC traces of uncured bio-epoxy resins

3.3 Curing behavior

DSC is a useful technique for studying cross-linking reactions of thermosetting epoxy resins. Non-isothermal DSC analysis was
chosen in this study to avoid diffusion control, which can affect the calculation of kinetic parameters. As in many thermosetting
polymers, diffusion and vitrification also occur in epoxy systems. Performing the analysis with a constant heating rate can improve
segment mobility, which lessens the effect of these phenomena. The raw DSC plots are shown in supplementary materials.
Among the various multiple heating rate methods, the Kissinger equation is the most extensively used method to calculate the
activation energy, which is expressed as:

In(B/TZ) = In(A X R/E,) — (Eo/RT,) Eq.(1)

where, £ is the heating rate, Tp is the temperature at which the maximum heat flow rate occurs, A is the pre-exponential factor
(Arrhenius factor), R is the gas constant, and Ea is the activation energy.

Using the Kissinger equation, Ea for commercial resin was 52.0 kJ/mol and Ea for the bio-resins was 42.0 kJ/mol, both of which
fall in the typical range of Ea for common epoxy-amine polymerization systems (40—70 kJ/mol). The extractive-based resins have
a lower activation energy and a higher reactivity compared to the commercial products, possibly due to the abundant hydroxyl
groups in the bark components enhancing the autocatalytic reactions in the bio-epoxy system.

However, one of the limitations of the Kissinger equation is that the reaction mechanism is assumed to be n'" order. Considering
that the real Ea value varies with the conversion rate, the Kissinger-Akahira-Sunose's (KAS) isoconversional equation was applied
to observe the evolution of Ea with the conversion rate. The basic assumption of this analysis is that the reaction rate at a constant
conversion depends only on temperature. In kinetic analysis, it is generally assumed that the rate of reaction can be described by
two functions k(T) and f(a),
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da/dt = k(T)f (a) = Aexp(—E,/RT)f (a) Eq.(2)
where, k(T) is the rate constant, and f(a) is the reaction model. When the heating rate is constant, equation (2) can be rewritten as
da/dT = Aexp(—Eq/RT)f(a)/B Eq.(3)

As shown in equation (3), isoconversional methods offer an assumption-free estimation of the activation energy. The fundamental
assumption of the isoconversional model is that the reaction rate is only a function of temperature:

(din/dT)(da/dt)q = Eqq/R Eq.(4)
where Ea,a is the activation energy at a given conversion. Note that the KAS method offers a significant improvement in the
accuracy of the Ea value compared to the Ozawa—Flynn-Wall method®.
Fig. 8 shows the values for Ea at different curing conversions, o, determined by the KAS method for non-isothermal data. It is
worth noting that the Ea of commercial resins varies within a narrow range of 3.4 kJ/mol with respect to a. So the constant Ea
values implied the diffusion control resulted in negligible influence on the non-isothermal data of the test samples. Compared to
commercial products, bio-epoxy resins have a higher activation energy before 30 % conversion and a lower activation energy after
30 % conversion. The following two reasons may account for this observation: First, the molecular weight of bio-resins is higher
than that of the commercial product that can result in a lower mobility of the molecular chain movement and a higher activation
energy at the initial stage. Second, the viscosity of the reaction mixture decreases dramatically with increasing temperature, which
helps to promote the reaction at its final stage®”-%8. This non-constant activation energy trend indicates that the non-isothermal
reaction of bio-resins/amine curing agent probably follows a multi-step mechanism?.
In addition, an important aim of the curing study was to predict the curing behavior of the bio-epoxy resins. After obtaining the
values for the kinetic parameters by the KSA method, we plotted the predicted rate curve for isothermal data, as shown in Fig. 9.
Compare to the ASTM E698 method, several studies have indicated that the VVyazovkin method is more precise and suitable for
epoxy-amine curing kinetics prediction®®°. The Vyazovkin method uses the following equations®®:

g(“) = taAlxexp(_Ea/RTO) Eq.(5)

Ty
9(@) = (A« /B) | exp (=Eq/RT)dT Eq.(6)

Ty

Equations (5) and (6) stand for the isothermal cure at Tc = To and non-isothermal cure at heating rate B, respectively. To obtain t4,
equation (6) can be divided by equation (5):

Ta
to = [f exp (_Ea/RT)dT] /Bexp(—Eq/RT,) Eq.(7)
To

Equation (7) enables the determination of time for a given conversion. Fig. 9 shows the isothermal epoxy cure from 140 to 170 °C
as predicted by using the Ea dependence derived earlier. The overall model prediction gave satisfactory agreement with the
experimental isothermal measurements and only at high conversion rates (> 50 %), where the predicted curing time is slightly
lower than the experimentally determined reaction time. The same observation was reported by other groups® .
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Fig. 8 Dependence of the activation energy on the extent of Fig. 9 Model-free prediction of isothermal cure from 140 to 170 °C using

KAS method (The experimental data are shown by line. The points
correspond to the predicted time)

conversion evaluated from non-isothermal DSC data

Furthermore, FTIR was used to monitor the concentration of epoxy functional groups during the formation of networks, as shown
in Fig. 10. The spectra were normalized to a reference absorption at 1184 cm! that represents the C-C stretch of bisphenol*2. The

signal reduction at 908 cm* as well as at 880 cm™* displayed the consumption of epoxy groups, whereas the signal increase at 940
cm! revealed the formation of a new bond.
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Fig. 10 Evolution of oxirane functional group during curing

3.4 Mechanical performance

Bio-epoxy resins were blended with commercial epoxy resins (at 10 %, 30 %, and 50 % w/w of bio-epoxy) and then cured with
the hardener EPIKURE W at 80 °C for 1 hour, 121 °C for 1 hour and 177 °C for 2 hours. The hardener EPIKURE W is an aromatic-
type curing agent, providing samples with low viscosity and high strength. Fig. 11 shows the tensile properties of the cured 10 %,
30 %, and 50 % bio-epoxy resins, which display comparable properties to commercial products. Based on one-way ANOVA, there
is no significant difference in the tensile strengths among the four groups (p=0.087).

Bark-derived epoxy resins have a higher tensile strength (63 MPa) than liquefied wood-based epoxy (58MPa)*® and epoxidized
soybean oil-based epoxy (29MPa)*. The high stiffness of the bark-based epoxy resin is an attractive property as an alternative
product. Compared to the long chain structure of epoxidized soybean oil, bark-based or liquefied wood-based epoxy has higher
potential to be applied in the automobile or aerospace industries. The lower tensile modulus might be attributed to the bulky ring
structures in extractives, which decreases the crosslink density of the system?*,
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Fig. 11 Tensile strength and modulus of the cured epoxy resins

3.5 Thermal degradation and thermal stability

TGA is used to evaluate thermal oxidation and thermal stability of the polymers. The experiments were conducted under air and
inert gas, respectively. Fig. 12 displays the TGA plots obtained from testing commercial epoxy resins and bio-epoxy resins in air,
while Fig. 13 shows the results of TGA tests under a nitrogen atmosphere.

The commercial product has a strong degradation peak for thermal oxidation at about 382°C. The bio-epoxy resins exhibited
similar thermal degradation patterns. But bio-exposy also shows the presence of new peaks at temperatures of 310°C and 345 °C,
which can be caused by phase separation occurring in the network. The combustion process can be divided into three stages:
between 300-340 °C, 340-390 °C, and 480-600 °C. For the commercial samples and 10 % and 30 % bio-epoxy samples, the first
stage showed a mass loss of 0.8-0.9 %, the second stage showed 64-67 % mass loss and the last stage showed a mass loss of 32-
35 %. However, for the 50 % bio-epoxy samples, the mass loss at the first stage increased to 17 % and at the second stage decreased
to 41 %, suggesting that more thermally sensitive compounds exist in the bio-epoxy resins. Some other bio-based epoxy resins
also displayed their degradation temperatures at around 274-305 °C.”

To understand the thermal stability of the novel epoxy resins, the commercial product and extractive-based and lignin-based epoxy
resins were heated in a nitrogen atmosphere, the results of which are shown in Fig. 13. The black lines represents the weight loss
of the cured resins. Compared to the petro-based epoxy, the weight loss of bio-based epoxy was faster between 250 to 400°C. The
weight loss curves were transformed into their first derivative (green lines), which indicates the points of highest rate of change in
the weight loss. The commercial epoxies only showed one degradation peak at 392°C, which corresponds to the HCN bond
breaking “6. In comparison, the extractive-based epoxy exhibited two degradation peaks. The first peak is at 349 °C, which is same
to the shoulder shown in the curve for the lignin-based epoxy resin, and the second peak was presented at 392°C, which is same to
the degradation peak of HCN bonding. In addition, the statistic heat-resistant index temperature (Ts) is given in Table 2. This value
was determined from the temperatures at 5 % weight loss (Tas) and 30 % weight loss (Tdso) of the sample obtained by TGA,
following Eq. (5):

Ts = 0.49(Tgs + 0.6(Tq30 — Tus)) Eq. (5)

The values of the statistic heat-resistance of the extractive-based epoxy resins were similar to the lignin-based epoxy resin but
lower compared to the commercial product. Several studies reported that bio-based resins exhibited lower thermal degradation
temperature compared to that of the petroleum resins#>. Compared to other bio-epoxy resins, however, extractive-based epoxy
resins showed comparable performance. Therefore, additional refining steps, such as extraction of unreacted monomers, might be

9
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beneficial to further improve thermal properties of the extractive-based epoxy resins.

1.0 1 ———
[ |
(KW
084 NN Y e s /V\_\‘/\M____""“\
=3 1
o
3 £ I
< 06+ s AN =
3 B[
oy Q
£
2 04 %
2 g
Petro-based epoxy resins =
0.2 KA 10% Bio-based epoxy resins Tg"t/rol-;z-s;:szdpo:yox
—————— 30:/0 Bio-based epoxy resins o 300/: Biotased egox§
— et 50% Bio-based epoxy resins o 50% Bio-based epoxy
0.0 : . T - - - - . :
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (°C)
(a) Weight loss curves (b) Deriv. weight loss curves
Fig. 12 Thermal degradation of the cured epoxy resins under air
100 —_— 25
] \~\ Extractive-based Epoxy |
] . ————  Lignin-based Epoxy |
| \ —_— Petro-based Epoxy
80 | ' - 2.0
—~ 60 15 8
S | | <
= £
< 1 3 =
Ro) %
) . L
= 40 L
4 S [
o
20 T s 05
d \ '\\_Km E
0 T : T 0.0
100 300 500 700
Temperature (°C)
Fig. 13 Thermal stability of the cured epoxy resins under nitrogen atmosphere
Table 2 TGA data of the cured epoxy resins
Ty onset (°C) Tus (°C) Taa0 (°C) Ts(°C) Charzgo (%)
100 % Petro-based epoxy 369 353 383 182 12.2
100% Extractive-based epoxy 294 272 337 152 4.6
100% Lignin-based epoxy 297 277 346 156 18.1

4. Conclusions

This study examined the feasibility of using bark extractives to formulate bio-epoxy resins. FTIR, NMR, and GPC methods were
applied to identify the chemical structures and molecular weights of the epoxies synthesized in this study. For uncured bio-epoxy

10
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monomers, the absorption of epoxy groups was observed at 908 cm in the FTIR spectrum and the same groups were seen at 45
and 51 ppm in the 3C-NMR spectrum. Both analyses indicated successful glycidylation o bark extractives after reaction with
epichlorohydrin. Furthermore, the GPC results showed that bark extractive-based epoxy resins have a lower molecular weight (588
Da) compared to the lignin-based epoxy resins (1071 Da). Based on the Kissinger kinetic analysis, the activation energy of the
extractive-based epoxy resin is lower than that of the commercial products due to the abundant hydroxyl groups in extractive
promoting the autocatalytic network formation. The curing time of the bio-epoxy resin was successfully predicted using non-
isothermal data analyzed by the KAS method.

For the cured epoxy resins, mechanical performance and thermal properties showed that the novel synthesized bio-epoxy resins
displayed mostly comparable properties as the commercial product. Therefore, bark extractives have great promises to be used as
the raw material to synthesize epoxy resins replacing toxic bisphenol A.
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