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Abstract

The accelerated hydrolytic degradation of biobased epoxy resins containing ester linkages
was investigated. Epoxidized biobased molecules were utilized as sustainable replacements for
the diglycidyl ether of bisphenol A (DGEBA) as an epoxy monomer, including epoxidized
vanillic acid (EVA, derived from lignin), epoxidized plant-based phenolic acids (epoxidized
salicylic acid, ESA, and 4-hydroxybenzoic acid, EAHBA), and epoxidized soybean oil (ESO).
All biobased epoxy monomers contain esters (3 per molecule for ESO and 1 per molecule for
EVA, ESA and E4HBA), in contrast to DGEBA (containing no esters). The epoxidized
molecules were cured through reaction with an anhydride curing agent. Epoxy resins derived
from EVA, ESA, and E4AHBA exhibited comparable glass transition temperatures to that of the
DGEBA-based epoxy resin. All biobased epoxy resins underwent rapid degradation in a basic
solution as compared to the conventional DGEBA-based epoxy resin. ESO- and ESA-based
epoxy resins exhibited the fastest degradation rates, whereas E4HBA- and EVA-based epoxy
resins exhibited more moderate degradation rates. Variations in degradation rate are attributed
to differences in epoxide content, monomer structure, degree of hydrophilicity, crosslink density,
and proximity to glass transition temperature. The degradation profiles, mass loss as a function
of exposure time in the basic solution, showed good agreement with predictions from a solid-
state kinetic model. Mass spectrometry and scanning electron microscopy analyses confirmed

the epoxy resins underwent hydrolytic degradation, through a surface erosion mechanism.
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1. Introduction

The production of polymers has rapidly increased in past decades, and the majority of
generated polymers ultimately reside in landfills at the end of their useful lifetime.! There is
therefore a great need to recycle or reuse polymers in order to minimize their negative
environmental impact. Thermoset polymers present unique challenges for recycling, as they are
crosslinked and cannot be recycled with traditional methods for thermoplastics that employ melt
processing. While an alternative approach is to depolymerize the materials back to their original
constituents (i.e. chemical recycling),”> most conventional thermoset polymers do not have the
needed functionality to undergo these processes under benign conditions.? Epoxy resins are an
important class of thermoset polymer, with wide ranging applications in coatings, adhesives,
aircraft parts, automobile parts, insulation, building materials and wind turbine blades, among
others.* Furthermore, epoxy resins are a dominant class of thermoset polymer used in polymer
composite materials, which have attractive features of high modulus, strength, and desirable
thermal, electrical, and mechanical properties.> Currently, commercial epoxy resins are derived
from the diglycidyl ether of bisphenol A (DGEBA), an industrial petrochemical which is
controversial for its health effects and environmental issues.®® Environmental and sustainability
concerns have driven researchers to derive epoxy resins from renewable, non-toxic feedstocks,
such as vegetable oils, %13 plant sugars,'® wood alcohol,!” isosorbide,'® ° cardanol,?® %! rosin,?> 23
and lignin.?*?® However, equally important to the origin of these materials is their end of life
behavior.

Polymer degradation under mild conditions is a topic of much interest in polymer
science.?’? Aliphatic polyesters readily undergo hydrolytic degradation,’’-3® and extensive

experimental studies have been undertaken and models developed to describe their degradation
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behavior.’*-44 By contrast, the degradation behavior of thermoset polymers has been significantly
underexplored. Pyrolysis, also known as thermal degradation, can degrade both DGEBA-based*-
48 and biobased*->3 epoxy resins, typically requiring temperatures above 400 °C to fully degrade
the polymers, and producing low molecular weight byproducts (with little decomposition of the
bisphenol A moiety in the case of DGEBA-based resins®.) Though pyrolysis is an effective way
to break down a network polymer, it is also quite energy intensive. Solvolysis can also be employed,
in which a chemical reagent reacts with functional groups on the network to decompose it into
smaller molecules. DGEBA-based epoxy resins have been depolymerized using nitric acid,>
tetralin and decalin,®> CO,-expanded water,*® ethanol with ZnCl,,>” phosphotungstic acid with
ethanol,>® supercritical isopropanol with KOH,° alcohol/catalyst systems,%-%* and near critical
water.® However, these approaches typically require either chemicals which are not
environmentally friendly or high temperatures that are energy intensive. Strategies such as
changing the curing agent or incorporating a comonomer can be utilized to minimize the energy

needed.®-% Photodegradation is generally not a viable option due to its slow kinetics.%% 70

Utilizing biorenewable components to replace DGEBA in epoxy resins is an advantageous
approach to incorporate functional groups promoting accelerated degradation under benign
conditions. Biobased epoxy resins, typically containing ester groups, have been demonstrated to
degrade rapidly in acidic solutions in organic solvents or solvent/water mixtures,’!’> and various
factors influence their degradation rate, including solution pH,”!> 74 75 temperature,’? degradation
time,”? catalyst concentration,’? and solvent composition.”* Even more attractive is to degrade the
materials in purely aqueous solutions, without organic solvents. Many biobased epoxy thermosets
degrade rapidly in both basic and acidic aqueous solutions,”-8! showing clear differences in their

degradation behavior in acids and bases.’”3-3! The rate of degradation depends on choice of epoxy

Page 4 of 37
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monomer,’%7 ratio of epoxy monomer to curing agent,’®8%81 solution pH,’6- 8081 and temperature.8
8 However, the degradation mechanisms and models for mass loss behavior are still poorly

understood in this class of materials.

In this work, we examine hydrolytic degradation behavior of ester-containing biobased
epoxy resins in basic solutions, and probe their hydrolytic degradation mechanisms. We explore
the degradation behavior of biobased epoxy resins containing high ester content (3 esters per
monomer for epoxidized soybean oil and 1 ester per monomer for epoxidized vanillic acid,
epoxidized salicylic acid, and epoxidized 4-hydroxybenzoic acid). Importantly, we characterize
degradation products following exposure of the resins to basic solutions, identify the degradation
mechanism, and quantify degradation rate constants through utilization of solid-state kinetic
models.

2. Experimental Methods

2.1. Materials

All chemicals were purchased from Sigma-Aldrich unless otherwise noted and were used
as received: ESO was kindly supplied free of charge by Arkema, Inc. (trade name Vikoflex 7170;
contains an average of 4.27 epoxide groups per triglyceride molecule following nuclear magnetic
resonance, NMR, analysis), vanillic acid (4-hydroxy-3-methoxybenzoic acid, >97%)), salicylic acid
(SA, >99%, FG/Halal/Kosher), 4-hydroxybenzoic acid (4HBA, 99%, ReagentPlus),
methylhexahydrophthalic anhydride (MHHPA, Huntsman, Aradur HY 1102, >99%), 1- methyl-
imidazole (1-MI, Huntsman, Accelerator DY 070), N,N-dimethylformamide (DMF, BDH, >99.8%,
ACS reagent), potassium carbonate (K,COs3, >99.0%, ACS reagent), allyl bromide (97%), ethyl
acetate (BDH, >99.5%, ACS grade), magnesium sulfate (MgSO,4, BDH, >99.0%, anhydrous

reagent grade), meta-chloroperoxybenzoic acid (mCPBA, <77%), sodium sulfite (Na,SOs,

5
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AMRESCO, 98.0%, ACS grade), sodium bicarbonate (NaHCO;, ACS reagent, 99.7-100.3%),
hexane (BDH, >60%, ACS grade), chloroform (Macron, ACS grade), and silica gel (Macron, grade
62, 60-200 Mesh).

2.2. Preparation of biobased epoxy monomers

Vanillic acid was allylated with the following procedures. Vanillic acid (10.0g, 59.5 mmol)
was dissolved into 340 mL of DMF in a 1000 mL round-bottom flask with a magnetic stir bar,
sealed with a rubber septum, and cooled to 0 °C using an ice bath. K,COj3 (18.1g, 131 mmol) was
then added to the flask. After three minutes of stirring, allyl bromide (131 mmol) was added
dropwise with a syringe (the molar ratio of ally bromide to vanillic acid was 2.20 to 1, to achieve
higher conversion). After adding the allyl bromide, the reaction was allowed to warm to room
temperature and the reaction proceeded for 48 h. Distilled water (340 ml) was added to the
reactants and the product was extracted by ethyl acetate (three times) in a separatory funnel, by
gently shaking the solution for 5 minutes and then allowing it to sit for 1 min; (the product was
found in the top layer which was the organic phase). The organic phase was washed with an
equivalent volume of saturated brine and dried over MgSO,. Ethyl acetate was removed from the
product using a rotary evaporator, and the product was dried in a vacuum oven at 50 °C for 24 h,
or until DMF was not observed through NMR analysis. Allylated Vanillic Acid (AVA). '"H NMR
(400MHz, chloroform-d, ppm): 6 7.54 (d, J =9.48 Hz, 1H), 7.46 (d, J = 9.06 Hz, 1H), 7.02 (d, J =
9.28 Hz, 2H), 5.98-6.02 (m, 4H), 5.44-5.38 (m, 2H), 5.26-5.23 (m, 2H), 4.68 (dd, J = 10.54, 2.04
Hz, 2H), 4.54 (dd, J = 9.34, 1.96 Hz, 2H), 3.80 (s, 3H). 3C NMR (100 MHz; chloroform-d, ppm):

0 166.7, 153. 0, 149.6, 133.5, 133.1, 123.9, 123.0, 117.6, 117.4, 112.8, 112.7, 69.8, 65.7, 55.7.

AVA was converted to epoxidized vanillic acid (EVA) through the following procedures.

AVA (5.00g, 20.1 mmol) was dissolved into 500 mL chloroform in a 1000 mL glass round bottom

6
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flask with a magnetic stir bar sealed with a rubber septum. mCPBA (27.8g, 161 mmol) was added
to the flask (at a molar ratio of allylated vanillic acid : mCPBA of 8 : 1). The solution was stirred
at 40 °C for 24 hours. After 24 hours, the solution was washed with an equivalent volume of a
10%wt Na,SO; aqueous solution and separated using a separatory funnel. The organic phase
(bottom layer) was then washed with an equivalent volume of a saturated NaHCO; solution and
separated using a separatory funnel. Finally, the organic phase (bottom layer) was washed with an
equivalent volume of saturated brine and separated using a separatory funnel. The chloroform was
then removed from the product using a rotary evaporator. The EVA product was purified by silica
gel chromatography using hexane/ethyl acetate (40/60). The organic solvent was removed using a
rotary evaporator and the product was dried in a vacuum oven at 60 °C overnight. Epoxidized
Vanillic Acid (EVA). '"H NMR (400MHz, chloroform-d, ppm): 8 7.66 (d, J = 9.28 Hz, 1H), 7.52
(d, J =9.08 Hz, 1H), 6.94 (d, ] = 9.24 Hz, 2H), 4.64 (dd, J = 13.28, 3.04 Hz, 1H), 4.36 (dd, J =
12.34,2.96 Hz, 1H), 4.13-4.10 (m, 1H), 4.09-4.05 (m, 1H), 3.96 (s, 3H), 3.45 (dd, J = 9.48, 9.48
Hz 1H), 3.42 (dd, J = 9.56, 9.56 Hz, 1H), 2.96-2.92 (m, 2H), 2.82-2.77 (m, 2H). 3C NMR (100
MHz; chloroform-d, ppm): 6 166.7, 153. 2, 149.0, 123.2, 123.0, 113.3, 113.1, 69.2, 65.8, 50.2,

49.9,45.1,45.0.

Epoxidized salicylic acid (ESA) and epoxidized 4-hydroxybenzoic acid (E4HBA) were

synthesized following previously reported procedures.®?

2.3. Preparation of epoxy resins

EVA was melted at 94 °C prior to use (the other epoxy monomers were liquids at room
temperature). The epoxy monomer (DGEBA, ESO, EVA, ESA, or E4HBA) was mixed with

MHHPA (stoichiometry based on equal molar epoxide and anhydride groups) and 3 phr (parts per
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hundred parts by weight of resin) 1-MI at 50 °C in a 20 mL scintillation vial using magnetic stirring
for 10 minutes. The mixture was placed in the following sample holders appropriate for each
characterization experiment: (a) in a preweighed Tzero aluminum pan for differential scanning
calorimetry, (b) in a pan for thermogravimetric analysis, and (c¢) in an aluminum mold for
hydrolysis degradation analysis. The sample was then transferred to a convection oven and cured.
The following curing schedule was used for EVA, ESA, E4AHBA, and DGEBA-based epoxy resins:
70 °C for 2 hours, then 170 °C for 2 hours. ESO required a longer first curing stage (as the reaction
kinetics were significantly slower), with the following curing schedule: 70 °C for 24 hours, then

170 °C for 2 hours. Table 1 shows the amount of epoxy monomer, curing agent, and catalyst used

for each sample.

Table 1: Amounts of epoxy monomer, curing agent and catalyst used in epoxy resin synthesis

Epoxy Monomer | Epoxy Monomer Mass (g)| Curing agent Mass (g)| Catalyst Mass (g)
DGEBA 1 0.97 0.03
ESO 1 0.75 0.03
EVA 1 1.20 0.03
ESA 1 1.35 0.03
E4HBA 1 1.35 0.03

2.4. Nuclear Magnetic Resonance

'"H NMR (400, 500, 600 MHz) and '*C NMR (100 MHz) experiments were conducted
using a JEOL ECA-400 instrument with deuterated chloroform (Cambridge Isotope Laboratories,

Inc., 99.8 atom % D) as the solvent. Chemical shifts were referenced to the solvent proton

resonance (7.26 ppm for 'H NMR, 77.2 ppm for 3C NMR).
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2.5. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was conducted with a TA Instruments Q2000
differential scanning calorimeter, under 50 ml/min nitrogen flow, and calibrated with an indium
standard. Samples were encapsulated in a Tzero aluminum pan, equilibrated at 40 °C, and
subjected to a heat-cool-heat cycle from 40 —200 °C at a rate of 10 °C/min. The glass transition

(T,) was identified as the inflection point in the second heating cycle.
2.6. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) experiments were conducted using a TA Instruments
Q500 analyzer. The samples were heated from 25 °C to 550 °C at a rate of 10 °C/min in an argon

environment.
2.7. Optical Microscopy

Optical microscopy was performed on a Leica DM2500 M microscope with a HCX PL
FLUOTAR 20X/0.50 BD objective in bright field mode using a mercury lamp. Optical microscopy
slides were prepared by taking a drop of reactive monomer mixture, sandwiching it between a
glass slide and a glass coverslip, and curing the epoxy resin following the protocol described
previously. For optical micrographs which showed dispersed particles, the micrographs were
converted to binary images, and processed with Image] to identify the pixel area for each particle.
With knowledge of the microns/pixel of the micrograph, each particle area in micron? was
characterized. Assuming a circular particle, the circle diameter was calculated (D; = 2(4;/m) 1/2 ).
We did not account for the potential underestimation of D; due to the two dimensional projection

of the sphere. Additionally, particles of a size too small to be observed at the magnification chosen
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have been neglected. The Sauter mean diameter (p,,) was calculated for the population of oil
droplets in the micrograph (equation 1):

Z?Dﬁ

- 5
Z?Diz

Dm (D

where p; is the diameter of one particle and n is the number of particles in 1 micrograph. The
standard deviation was calculated based on the population of particles examined within the same
image. In the case where co-continuous morphologies were observed, optical micrographs were
processed using the ImageJ Fast Fourier transform (FFT) function. The average domain size (d)
was taken to be that at the peak maximum in the intensity versus wavevector (q=2n/d). The error

was quantified by calculating the peak width at half maximum.

2.8. Scanning Electron Microscopy

The surface structures of the neat and degraded samples were imaged using a Jeol JSM-
6010LA field emission scanning electron microscope at a voltage of 15kV. The surface was etched
with ionized argon gas and subsequently coated with gold using a Denton Vacuum Desk V sputter

coater for 1.5 minutes. The gold thickness was approximately 10 nm.

2.9. Mass Spectrometry

Mass Spectrometry experiments were conducted using a Bruker MicroToF ESI LC-MS
System. This MicroToF instrument is equipped with an ESI source and is interfaced with an
Agilent 1200 HPLC system. The mobile phase was a mixture of 50% water and 50% ethanol. The
epoxy resin degradation products were dissolved in acetonitrile and the concentration of the

solution was 10 pg/ml prior to injection into the MicroToF.

10
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2.10. Fourier Transform Infrared Spectroscopy

FTIR spectra were obtained on a Thermo Scientific Nicolet 4700 spectrometer in
transmission mode. The OMNIC Series software was used to follow selected peaks at 1.928 cm!

resolution using 32 scans.

2.11. Contact Angle Measurements

Water contact angles were measured using an OCA 15EC video-based optical contact
angle measuring instrument at ambient temperature. The SCA 20 software was used to record the
water contact images. 1L DI water droplets were deposited onto 5 different positions on polished
surfaces of the epoxy resins. 1500 grit sandpaper was used to polish the sample surfaces and dust

was removed using compressed nitrogen.

2.12. Hydrolytic Degradation Experiments

Epoxy resin samples (10mm x 5Smm x3mm) were degraded in basic solutions following
literature procedures.’® 8 The initial sample weight was recorded, and the sample was placed in
10 mL of 3 wt% NaOH solution at 80 °C for a specified time period (0.04 wt% sodium azide was
also added to the solution to prevent microbial growth). The sample was then rinsed with deionized
(DI) water, rinsed with a 1 wt% HCIl solution to neutralize the solution, rinsed with DI water again,
and finally dried in a vacuum oven at 50 °C overnight. The sample weight was recorded, and then
the sample was placed back in the NaOH solution for additional time. This process was repeated

until the whole sample degraded.

11
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3. Results and Discussion

3.1. Epoxy monomer synthesis and epoxy resin curing protocol

A variety of biobased epoxy monomers, which contain ester groups, were prepared (Figure
1). Vanillic acid, derived from lignin,3* 8 was converted to epoxidized vanillic acid (EVA). Plant-
based phenolic acids, salicylic acid and 4-hydroxybenzoic acid, were converted to epoxidized
salicylic acid (ESA) and epoxidized 4-hydroxybenzoic acid (E4HBA), respectively. Epoxidized

soybean oil (ESO) was obtained from a commercial source.

0 o)
0
O/\Q o)
0
SRS an
OCH,4
Epoxidized Vanillic Acid  Epoxidized 4-Hydroxybenzoic Acid
(EVA) (E4HBA)
0

Oy O _<] O o]
o Lo oA
g}(OW

Epoxidized Salicylic Acid Diglycidyl Ether of Bisphenol A
(ESA) (DGEBA)

Epoxidized Soybean Qil
(ESO)

Figure 1: Chemical structures of epoxidized vanillic acid (EVA), epoxidized salicylic acid (ESA),
epoxidized 4-hydroxybenzoic acid (E4HBA), epoxidized soybean oil (ESO), and diglycidyl ether
of bisphenol A (DGEBA), used in this study.

A two-step procedure was employed for the synthesis of EVA (Scheme 1). This procedure,
based on literature,®® was previously reported by our group for the synthesis of ESA and E4HBA,*

and avoids the toxicity concerns of the use of epichlorohydrin. Briefly, vanillic acid was reacted

with allyl bromide to form allylated vanillic acid (AVA), which was subsequently reacted with

12
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mCPBA to form EVA (Scheme 1). An alternative one-step synthetic protocol for the preparation

of EVA has been previously reported.4

O

0
OH A~ B (CH3);NC(O)H /@»)Lo/\/
+ —
HO K,CO5 o
0. 48h O cl
CHCl; | -
o 40°C Seq
Cl 24 h _OH
o 070
O/\Q + -
C|’>/\o
0% “OH

OCH;

Scheme 1: Synthesis of EVA.

'H NMR analysis identified the structures of AVA and EVA (Figure 2; vanillic acid spectra
shown in Figure S1 for reference). The peaks in the region of 5-6 ppm are associated with the allyl
groups in AVA. The disappearance of the allyl group peaks at 5-6 ppm, and presence of epoxide
peaks in the region of 2.5-3.5 ppm, confirmed the conversion of allyl groups to epoxide groups in

EVA. The AVA and EVA structures were further confirmed with 13C NMR analysis (Figure S2).

13
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Figure 2: '"H NMR spectra of a) AVA and b) EVA. The conversion and yield of the allylation of
vanillic acid to form AVA were 99% and 98%, respectively. The conversion and yield of the
epoxidation of AVA to form EVA were 70% and 32%, respectively.

The epoxy monomers (EVA, ESA, E4AHBA, ESO and DGEBA) were cured with a curing
agent to form highly crosslinked epoxy resin thermosets. Following our prior work on the
preparation of epoxy resins from ESA and E4HBA, we employed an anhydride curing agent
(MHHPA) along with a catalyst (1-MI),3? shown in Figure 3. Previously, we demonstrated this
curing agent produced biobased epoxy resins (using ESA and EAHBA monomers) with desirable

thermal and mechanical properties.3?

14
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o]

jos!

Methylhexahydrophthalic
anhydride (MHHPA)

o
N=/

1-Methylimidazole (1-Ml)

Figure 3: Curing agent and catalyst used in this study.

The curing of the epoxy monomers with MHHPA/1-MI (Schemes S1-S5) was investigated
with in situ DSC analysis. EVA was melted first at 94 °C (as its onset melting temperature was 91
°C, Figure S3) before adding the stoichiometric amount of curing agent and 1-MI catalyst and
mixing them at 50 °C. The ESA, E4HBA, ESO, and DGEBA monomers were mixed with
stoichiometric amounts of curing agent and 1-MI catalyst at 50 °C. The mixtures of epoxy
monomer/MHHPA/1-MI were then sealed in DSC pans and monitored with DSC while heating at
a constant rate of 10 °® C/min. The resulting DSC data are shown in Figure 4. While EVA, ESA,
and E4HBA exhibited similar curing temperatures under constant heating rate to that of DGEBA,
the ESO monomer required significantly higher temperature for complete curing. The higher
curing temperature of the ESO-based epoxy resin is attributed to the presence of less accessible
internal epoxide groups; in contrast, DGEBA, EVA, ESA, E4HBA contain terminal epoxy

groups.’7- 88
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Figure 4: In situ DSC data obtained upon curing EVA, ESA, E4HBA, ESO, and DGEBA
monomers with MHHPA (catalyzed with 1-MI). (Data for ESA and E4AHBA monomers were
obtained from ref. 8).

We employed a two-stage curing protocol for all of the epoxy resins, following our prior
work.8? The first, lower temperature, curing stage was used to promote curing without evaporation
of monomer or curing agent. The second, higher temperature, curing stage was selected well above
the T, of the cured resin to avoid vitrification and maximize reaction conversion. The onset
evaporation temperatures for the epoxy monomers were identified from TGA as 275 °C (EVA),
90 °C (ESA),*? and 97 °C (E4HBA),?? and that of the MHHPA curing agent was 95 °C (Figures
S3-S4). To avoid monomer evaporation, the first curing stage was conducted at 70 °C. After
mixing the reactants and stirring at 50 °C for 10 minutes until the solution became transparent, the
mixture was placed in a convection oven at 70 °C for various time periods until the mixture visually
solidified (requiring 2 h of curing at 70 °C for EVA, ESA, E4HBA, and DGEBA, and 24 h of
curing at 70 °C for ESO). The temperature of the second curing stage was set at 170 °C, well above
the T, of the cured epoxy resins. To identify the time of the second curing stage, T, was monitored
as a function of second stage curing time (Figure S5). For all epoxy resins, an optimal second stage

curing time was determined to be 2 h, allowing for maximum conversion, providing consistently

16
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high T, values (with little deviation), and avoiding thermal degradation (Figure S5). The resulting
EVA-based epoxy resin exhibited a high T, (146 + 2 °C), comparable to that of the traditional
DGEBA-based epoxy resin (140.1 £ 0.4 °C) and slightly higher than that of the ESA- and E4HBA-
based epoxy resins (131 = 3 °C and 136 + 5 °C, respectively®?). The ESO-based epoxy resin

exhibited a significantly lower T, (69 £ 7 °C).

3.2. Thermal properties and phase behavior of epoxy resins prepared from mixtures of ESO

and DGEBA.

Mixtures of DGEBA and ESO monomers, with contents varying from 0-100 wt% ESO (of
the total ESO and DGEBA content), were cured with a stoichiometric amount of MHHPA
(catalyzed with 1-MI). The resulting epoxy resin T, as a function of ESO content is shown in Table
2. Increasing the ESO content resulted in a substantial decrease in T,. In addition, epoxy resins
with higher ESO content exhibited larger deviations in the T,. Optical microscopy was used to test
the phase homogeneity of the epoxy resins (Figures 5 and S6). The background subtracted images
indicated that the epoxy resins containing 40, 60 and 80% ESO (relative to the total amount of
ESO and DGEBA) were macroscopically phase separated into ESO-rich and DGEBA-rich
domains (both prior to and after the second curing stage), whereas the epoxy resin with 20 wt%
ESO was homogeneous throughout the curing process. As DGEBA and ESO have disparate curing
kinetics (Figure 4), it is likely that the more rapid curing of the DGEBA monomer promotes phase
separation of the DGEBA-rich domains from the unreacted ESO. The epoxy resin containing 40
wt% ESO exhibited a submicron average particle size of 0.6 um (Table 2). A drastic increase in
particle size was observed for the epoxy resins with 60 and 80 wt% ESO (9.4 and 9.8 um,
respectively). The morphology was also distinct for the three epoxy resins: the sample with 40

wt% ESO exhibited a co-continuous morphology whereas the 60 and 80 wt% samples exhibited

17
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dispersed particle morphologies, in which the particles aggregated into strands in the 80 wt%

sample.

Table 2: T, and domain size for epoxy resins prepared from mixtures of ESO and DGEBA cured
with MHHPA/1-MI.

Monomer? T, (°C) Domain size (um)
0% ESO 140.1 £ 0.4 NAb

20% ESO 120 +2 NAP

40% ESO 117£2 0.6 +0.1¢
60% ESO 103 £1 9.4 +0.44
80% ESO 90 +6 9.8 +0.44

100% ESO 69 +7 NAP

a2 wt% ESO indicates ESO content relative to total amount of ESO and DGEBA
b Homogeneous samples

¢ Characterized from FFT of the optical micrograph (domain size = 21/q)
d Sauter-mean diameter of the dispersed particles (Equation 1). Particle size distributions shown

in Figure S7.

18
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“2) A0 W% ESO

b) 60 wt% ESO

Figure 5: Optical microscopy images of epoxy resins with differing ESO content (wt% ESO is
the ESO content relative to the total amount of ESO and DGEBA).
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3.3. Degradation behavior of biobased epoxy resins

The hydrolytic degradation behavior of the epoxy resins was characterized by placing the
samples in 3 wt% NaOH solution at 80 °C and monitoring their mass as a function of exposure
time in the basic solution (Figure 6). All biobased epoxy resins, in which the epoxy monomers
contain ester groups, exhibited significantly more rapid degradation rates relative to the DGEBA-
based epoxy resin (Figure 6a). The anhydride-cured ESO-based epoxy resin exhibited the fastest
degradation rate (disappearing within 4-5 days, Figure 6a). While the curing of an epoxy monomer
with an anhydride curing agent produces a small concentration of esters throughout the epoxy
network, amine-curing does not have this affect. The anhydride-cured ESO-based epoxy resin
exhibited a slightly faster degradation rate than that of the amine-cured ESO-based epoxy resin
reported previously by our group.’® The rapid degradation behavior of the ESO-based epoxy resin
is in stark contrast to the behavior of the DGEBA-based epoxy resin: with anhydride-curing, the
DGEBA-based epoxy resin showed a slow degradation rate (Figure 6), and with amine-curing, it
did not exhibit any noticeable mass loss in the basic solution, for up to 3 months.” The ESA-based
epoxy resin also rapidly degraded, at a rate slightly slower than that of the ESO-based epoxy resin.
E4HBA- and EV A-based epoxy resins exhibited more moderate degradation rates (Figure 6a). We
also probed the degradation behavior of epoxy resins synthesized from mixtures of ESO and
DGEBA monomers, in which the degradation rate was tunable based upon the relative
concentration of ESO in the epoxy resin. The degradation rate systemically increased with
increasing ESO content in the epoxy resin (Figures 6b and 6¢). Camera images of the epoxy resins

at different degradation times are shown in Figure 7.
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Figure 6: Fraction of mass remaining of epoxy resins as a function of exposure time in a 3 wt%
NaOH solution at 80 °C for: a) EVA, ESA, E4AHBA, ESO and DGEBA-based epoxy resins; and
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b) ¢) epoxy resins prepared from mixtures of ESO/DGEBA with varying ESO content (relative to
total amount of ESO and DGEBA). Solid symbols indicate anhydride-cured epoxy resins, whereas
open symbols indicate amine-cured epoxy resins (data on amine-cured epoxy resins was obtained
from ref.”°). Solid curves indicate fits with the contracting volume model. For E4AHBA and EVA-
based epoxy resins, only one data point for every three collected is shown in the plot for clarity.

10 mm

342 h “
Figure 7: Camera images of epoxy resin specimens following exposure to a 3wt% NaOH solution

at 80 °C.

3.4. Exploration of a model for ester-containing thermoset degradation

It is well established that linear polyesters undergo significantly different degradation
behaviors in basic and acidic solutions.3 8 Polyesters degrade through two primary mechanisms:

bulk and surface erosion,*! which occur in acidic and basic solutions, respectively.’% 3! In bulk
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erosion, hydrolysis occurs throughout the entire specimen simultaneously, whereas in surface
erosion, hydrolysis mainly occurs in the region near the surface. The hydrolysis mechanisms of
linear polyesters such as polylactide and poly(lactide-co-glycolide) have been described with well-
established models,’*°? but few studies have examined the degradation behavior of crosslinked
thermosets containing ester groups. We therefore hypothesized that epoxy thermosets containing

ester groups would also follow the surface erosion mechanism in basic solutions.

The contracting volume model describes the dissolution of a cubic solid governed by
contraction of the sample volume as the solid-liquid interface moves toward the specimen center.
%3 In application of this model, the rate limiting step in the erosion of the sample is assumed to be
contraction of the solid-liquid interface, rather than nucleation, diffusion, or even the chemical
reaction which occurs at the surface. A prior literature study has successfully applied this model
to the catalyzed solvolysis of a DGEBA-based epoxy resin at elevated temperatures.®> We have
extended this model to the rectangular cuboid-shaped degradation samples employed in this study

(described in the ESI) (equation 2):
1—-(1—0)3 =kt )

where o is the mass fraction of the sample remaining at time t, and k is the degradation rate constant.
The contracting volume model was applied to mass loss data obtained from the biobased epoxy
resins in 3 wt% NaOH solution at 80 °C (solid curves in Figure 6). The model described the
degradation profile well for all the neat epoxy resins (with R? values of 0.985 to 0.998 (Figure
6a)). We considered other solid-state kinetic models, such as n' order reaction models, diffusion-
based models, and nucleation-based models, but these models provided a worse fit to the data

(Figure S10 and Table S2). There were larger deviations between the model and data for epoxy
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resins synthesized from mixtures of ESO and DGEBA with lower ESO content (20-40 wt% ESO,
with R? values ranging from 0.950 to 0.958). There may be some influence of the presence of
macroscopically phase separated ESO-rich and DGEBA-rich domains (i.e. Figure 5) on the
degradation rate. Additionally, the ESO segments of the network may not be uniformly distributed

throughout the network, which could influence the observed degradation rate.

The fitted rate constants (k) for all the epoxy resins are listed in Tables 3 and 4. The ESO-
based epoxy resin (with the highest concentration of esters in the epoxy network - 3 esters per ESO
monomer) exhibited the largest degradation rate constant k, followed by the ESA-based epoxy
resin. Interestingly, though the ESA and E4AHBA monomers contain the same number of ester
groups (1 per monomer), and differ only in the placement of the ester groups along the aromatic
ring (ortho vs. para placement, respectively), the E4AHBA-based epoxy resin showed a more
moderate degradation rate constant than that of the ESA-based epoxy resin. EVA- and E4HBA-
based epoxy resins, which contain the same para placement of ester groups on the epoxy monomer
and differ only in the addition of a methoxy group to the EVA monomer, exhibited
indistinguishable degradation rate constants. Finally, the DGEGA-based epoxy resin, for which
the DGEBA monomer does not contain any ester groups, exhibited a significantly smaller
degradation rate constant as compared to all biobased epoxy resins. The rate constant for epoxy
resins synthesized from mixtures of DGEBA and ESO increased systematically with increasing

ESO content in the resin (Table 4).
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Table 3: Degradation rate constant, k (in a 3 wt% NaOH solution at 80 °C) and physical properties
of epoxy resins cured with MHHPA/1-MI.

Monomer k T, (°C) Water Contact  # of esters in
(103 mm hr') Angle (°) epoxy
monomer

ESO 84+09 69 +7 53+2 3
ESA 29+0.6 131+£3 59+ 1 1
E4HBA 0.8+0.3 136+ 5 61+2 1
EVA 0.8+0.1 146 £2 58+3 1
DGEBA 0.02+0.01 140.1 £ 0.4 65+1 0

Table 4: Degradation rate constant, k (in a 3 wt% NaOH solution at 80 °C) for epoxy resins
prepared from mixtures of ESO and DGEBA cured with MHHPA/1-MI.

Monomer? k
(x 103 mm! hr'!)

0% ESO 0.02 +£0.01
20% ESO 0.17+0.02
40% ESO 0.44 +0.02
60% ESO 29+0.1
80% ESO 9.0+0.7
100% ESO 84+09

2 wt% ESO indicates ESO content relative to total amount of ESO and DGEBA

3.5. Investigation of the degradation mechanisms in ester-containing thermosets

SEM was used to further confirm the surface erosion mechanism of the epoxy resins in
basic solutions. The surfaces of neat ESO and DGEBA-based epoxy resins, as well as those
degraded in basic solutions for 6 and 50 h, were observed with SEM (Figure 8). Both neat samples
had homogeneous and flat surfaces. After 6 h in basic solution, the ESO-based epoxy resin
exhibited various-sized crevices in the surface, whereas the DGEBA-based epoxy resin exhibited
only minor scratches. As the degradation time increased, both the crevices on the ESO-based

epoxy resin and the scratches on the DGEBA-based epoxy resin surfaces grew, an indication of
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surface erosion. The crevices on the surface of the ESO-based epoxy resin likely provided

pathways for more regions of the sample to be exposed to the solution.

~ ESO DGEBA

Figure 8: SEM images of the surfaces of ESO-based and DGEBA-based epoxy resins, showing
surface changes after soaking in a 3wt% NaOH solution at 80 °C for 6 and 50 h. (Lower
magnification images are shown in Figure S8).

Mass spectrometry was used to investigate the degradation mechanism (Figures 9 and S9).
We fully degraded the ESO-based epoxy resin and removed all the solvent. The degradation
products were then dissolved in acetonitrile, at a concentration of 10 pg/ml. Soybean oil is
comprised of a mixture of fatty acids,’* mainly oleic acid, linoleic acid, linolenic acid, and smaller
contents of stearic acid and palmitic acid. Therefore, the ESO monomer may contain any
combination of these fatty acids, in which unsaturated carbon-carbon double bonds have been

converted to epoxide groups. We considered all possibilities for the ESO monomer chemical
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structure (detailed description in the £S/). We also considered that in addition to the esters present
on the ESO monomer, anhydride curing may result in ester formation. The spacing of isotope
peaks on the mass spectrum indicated that all molecules had single charges. With this information,
we calculated the m/z values of each of the possible chemical fragments that could remain after
cleavage of the ester groups on the epoxy resin network through ester hydrolysis (Scheme 2). We
also considered the presence of either H* or Na* ions, and the possibility of exchange between H
and Na within the molecules (Na was likely present due to the use of NaOH for the degradation
process). Mass spectrometry peaks with intensities below 500 were neglected, as this is

commensurate with the background intensity.

35000 - D 1
A
30000 | ]
25000 |- s 1
2 20000 - ]
7]
3
£ 15000 |- i g
10000 B -
1517.5
5000 - l §
o ML NP IR

200 400 600 800 1000 1200 1400 1600 1800
miz

Structure A: 506.66 g/mol

0 H*
NaO
Structure B: 787.98 g/mol
o] HO  ONa
0 L
0 HO  ONa
B OH ONa

Figure 9: Mass spectrometry analysis of degradation products of the ESO-based epoxy resin. The
peaks labeled A and B are associated with the structures indicated below the data. The additional
peaks at 1011.9 and 1517.5 m/z are likely aggregates of 2 or 3 molecules with structure A,
respectively. (Closer view of mass spectrometry data in Figure S9).
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There were four main components in the degradation products, whose m/z values were
506.5,787.8,1011.9 and 1517.5. The peaks located at 506.5 and 787.8 are consistent with the two
degradation products whose molecular structures are shown as A and B in Figure 9. Aggregates
of two or three molecules with structure A are consistent with the peaks observed at 1011.9 and
1517.5 m/z, respectively. The presence of these major degradation products further confirmed that
mechanism of the degradation was the hydrolysis of the ester groups. Other minor peaks present

in the spectrum were also investigated and the structures are shown in Table S1.

O H,0 0 NaOH Q

)LO,Rz —>» RoH + M e RT)J\O,Na + HO

Rq Ry~ TOH

Scheme 2: Epoxy resin degradation through ester hydrolysis (with neutralization reaction).

3.6. Additional factors influencing epoxy resin degradation

Many factors may potentially influence the degradation rates of epoxy resins in basic solution
(Table 3). As degradation proceeds as the hydrolysis of ester groups, we hypothesize that the number
of ester groups per monomer should have a large influence on the degradation rate. The slowest-
degrading epoxy resin, DGEBA, contains 0 ester groups per monomer, while the fastest-degrading
epoxy resin, ESO, contains 3 ester groups per monomer. ESA, EAHBA, and EVA contain 1 ester per
monomer, and exhibited intermediate degradation rates as compared to DGEBA and ESO. However,
we also anticipate that the hydrophilicity of the epoxy resin surface plays an important role in the
surface erosion process.3% 81. 95 We measured the water contact angle on the epoxy resin surfaces,
and found that the ESO-based epoxy resin was the most hydrophilic, whereas the DGEBA-based

epoxy resin was the most hydrophobic (Table 3). Additionally, we may consider proximity to the T,
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and crosslink density as factors that may influence the degradation rate.?% 8!-% The ESO-based epoxy
resin exhibited a significantly reduced T, as compared to the other epoxy resins (Table 3), and the
low T, also suggests the crosslink density of the ESO-based epoxy resin is significantly lower than
that of the other epoxy resins.”® The low T, (below the temperature at which sample degradation was
conducted) and reduced crosslink density may have accelerated the degradation of the ESO-based
epoxy resin. By contrast, the biobased epoxy resins containing aromatic groups (ESA, EAHBA, and
EVA) all exhibited similar T,’s, and likely similar crosslink densities, as compared to the DGEBA-
based epoxy resin (Table 3). Thus, the accelerated degradation rates of these biobased epoxy resins
as compared to the DGEBA-based epoxy resin is likely due to their increased ester content and

higher degree of hydrophilicity.

In summary, this work extends the existing knowledge of thermoset degradation behavior,
showing biobased epoxy resins with higher ester contents undergo rapid degradation under mild
conditions (low temperatures and thus low energy requirements, and in aqueous solutions). As
hydrolytic degradation is an important aspect of polymer biodegradation, these results may be
extended to create biodegradable thermoset polymers, which can be processed at the end of their

life in a compost environment, providing new thermoset waste treatment options.

Conclusions

We investigated the accelerated hydrolytic degradation of epoxy resins in a basic solution
at 80 °C, including a new epoxy resin derived from vanillic acid (a lignin-derived molecule), as
well as epoxy resins derived from plant-based phenolic acids, soybean oil, and bisphenol A (the

conventional epoxy monomer source). The biobased epoxy resins (excluding the vegetable oil-
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based resins) exhibited glass transition temperatures comparable to that of the conventional epoxy
resin. The biobased epoxy resins all exhibited more rapid hydrolytic degradation behavior due to
higher ester content and higher degree of hydrophilicity, in contrast to the conventional DGEBA-
based epoxy resin. The degradation rate of the ESO-based epoxy resin was further enhanced by
reduced glass transition temperature and crosslink density. A solid-state kinetic model was used
to model the degradation behavior, which was in good agreement with experimental data for the
neat epoxy resins. The ESO-based epoxy resin (containing 3 esters per monomer) exhibited the
largest degradation rate constant k, followed by the ESA-based epoxy resin (1 ester per monomer,
ortho placement of ester groups). EVA- and E4AHBA-based epoxy resins (1 ester per monomer,
para placement of ester groups) exhibited more moderate, and indistinguishable, degradation rate
constants. Finally, the DGEBA-based epoxy resin (no esters per monomer) exhibited a
significantly smaller degradation rate constant as compared to all biobased epoxy resins. Epoxy
resins derived from mixtures of ESO and DGEBA showed tunable degradation rate constants,
systematically increasing as the ESO wt% constant was increased. The degradation mechanism
was explored and confirmed as surface erosion. Mass spectrometry analysis verified degradation
proceeded through hydrolysis of ester groups. These results demonstrate biobased epoxy resins
with higher ester contents and higher degree of hydrophilicity can be hydrolytically degraded more

rapidly than conventional epoxy resins, and under mild conditions (low temperatures, and in

aqueous solutions), which could be leveraged for the creation of biodegradable thermoset polymers.
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TOC Graphic

Biobased epoxy resins, derived from lignin, phenolic acids, and vegetable oils, exhibited

rapid degradation through hydrolysis in basic solution.
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