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ABSTRACT: The development of epoxy resin formulations from renewable feedstocks has been thoroughly explored in the
chemical literature. A simple one-pot chemical reaction involving sustainable phenolic molecules and epichlorohydrin results in the
production of renewable epoxy monomers. These monomers can be cured with amines or anhydrides to yield cross-linked
thermosetting resins. Although a wide variety of recipes exist, there is a notable gap in the application of these sustainable resin
formulations to engineering contexts. This gap is primarily due to the lack of comprehensive, standardized analyses of these resin
recipes, which impede their potential use in advanced composite applications. In this study, we reveal a high-performance resin
formulation utilizing epoxidized phloroglucinol derived from brown algae in combination with an aerospace-grade amine hardener.
The resin processing and thermomechanical properties are investigated using ASTM standard tests including tensile strength,
flexural strength, fracture toughness, and interlaminar shear strength. Given the detailed comparative analysis, the partially renewable
resin recipe outperforms petroleum derived analogues.

KEYWORDS: renewable resin, sustainable epoxy, high performance resin, phloroglucinol epoxy, renewable composites

B INTRODUCTION

Composite materials have significantly advanced the develop-
ment of next-generation materials since the latter half of the
20th century, finding applications in aerospace, automotive,
energy, and maritime industries.' These materials primarily
consist of continuous glass or carbon fibers embedded in a

high-performance resins having a high glass transition
temperature (T,), typically above 120 °C.° Epoxy resins with
a T, ranging from 150 to 200 °C are suitable for use as primary
and secondary aerospace resin systems.’

Despite the current efficacy of epoxy matrix materials, there
are emerging concerns regarding their chemistry. Predom-

polymer matrix, which can be either thermoplastic or
thermoset.” The choice of matrix material is critical as it
imparts many of the composite’s unique properties and
processability such as pultrusion,” thus necessitating careful
selection based on end-use applications and desired character-
istics. Thermoset matrices are diverse, including types such as
bismaleimides, phthalonitriles, cyanate esters, vinyl esters, and
epoxy resins.” Among these, epoxy matrices, typically cured
with anhydride or amine hardeners, are the most prevalent;
however other curing agents can be used.” The chemical
structure and physical properties of the epoxy—hardener
combination significantly influence cure kinetics, thermome-
chanical properties, and rheology, thereby impacting the
composite manufacturing process and potential applications.
For structural applications, carbon fibers are combined with
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inantly derived from petroleum, these materials are unsustain-
able and include chemicals like bisphenol A (BPA), a precursor
to bisphenol A diglycidyl ether (BADGE), which is known to
be an endocrine disruptor.”” The synthesis of these
compounds does not align with the green chemistry principle
of utilizing renewable feedstocks.'” Consequently, there is a
growing need to explore renewable epoxy monomers as
composite matrix materials. Natural CO, sequestering
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Figure 1. (a) Chemical structures of PHTE (left) and DDS (right). (b) DMA results for PHTE—DDS and BADGE—DDS. T, taken as onset of G’
decrease. (c¢) BADGE—DDS and PHTE—DDS activation energy development with degree of cure. (d) BADGE—DDS and PHTE—DDS
nonisothermal data and model. (¢) BADGE—DDS and PHTE—DDS isothermal data and model.

products such as plants and algae entail functional embodied
carbon molecules that can be used in chemical industry.""
Various renewable feedstocks have been investigated, including
commercially available systems derived from cardanol and
soybean.'”'” However, these aliphatic and heterogeneous
chemistries often result in thermomechanical properties that
are unsuitable for high-performance composite matrices.
Effective matrix materials must provide robust support for
fibers across a broad temperature range and possess a relatively
high T,, making phenolic compounds attractive as potential
BADGE alternatives as their aromatic nature contributes to
advanced thermomechanical properties. The effect of aroma-
ticity on generating high performance renewable resins has
been illustrated by employing diverse renewable phenolics
such as magnolol,'* resveratrol,"® eugenol,'® and genistein.'”
However, the scalability of many phenolics remains a
challenge. Additionally, the lack of standardized results in

chemical literature complicates the assessment of renewable
resins for composite applications.

Phloroglucinol is an aromatic alcohol extractable from
brown algae in high yields.'® Its synthesis is also being
explored through various biosynthetic pathways, including
genetically modified plants and bacteria."” Phloroglucinol
triglycidyl ether (PHTE) has been investigated by Mija and
colleagues, demonstrating good thermomechanical properties
with an anhydride curing agent.”® They also developed
recyclable resins based on PHTE through precise chemical
formulation stemming from on-demand degradable bonds.”’
Graillot and colleagues demonstrated an epoxidized vanillin
and PHTE derived vitrimer resin formulation with outstanding
reprocessability.”” A renewable resin mixture based on
epoxidized vanillin and PHTE generates a high performance
thermosetting resin when cured with anhydrides with
thermomechanical properties potentially addressing demands
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for aerospace and naval sectors.”” Our previous research
revealed that a fast-curing resin system using PHTE with an
aliphatic diamine hardener exhibited thermomechanical
properties comparable to BADGE-based resins.”* When
using aliphatic diamine hardeners like Epikure 04998, the
activation energy of the PHTE resin was significantly lower
than that of the BADGE system, resulting in a renewable, fast-
curing resin system. Despite fast-cure resin advantages, the
thermomechanical properties of the resin were not qualified for
structural engineering applications.

In this study, we assessed the suitability of PHTE for high-
performance resin systems using the Huntsman Aradur 9664-1
hardener, a micronized 4,4’-diaminodiphenyl sulfone (DDS)
commonly used in aerospace epoxy prepreg applications. The
optimal mix ratio was identified, and the cure kinetics were
studied. The thermal, physical, and mechanical properties of
the resin system were evaluated using ASTM standards (D790,
D638, D5045, D2765-16, D570, and D792) and compared to
the analogous BADGE system.

B EXPERIMENTAL SECTION

Materials. Phloroglucinol tris epoxy (PHTE, epoxy content 8.3
mequiv/g, molecular weight 450 g/mol) was obtained from Specific
Polymers. Bisphenol A diglycidyl ether (BADGE) monomer was
obtained from Sigma-Aldrich. 4,4-Diaminodiphenyl sulfone (DDS,
Aradur 9664-1) was obtained from Huntsman as a micronized
powder. Unidirectional carbon fiber (200 g/m?) was employed as
reinforcing fiber for ILSS testing, obtained from R&G Faserverbund-
werkstoffe GmbH. Marbocote 227, sealant type Cytec LTS90B/G,
Wrightlon 8400 nylon film from Airtech, and Stich Ply A peel ply
from MCTechnics were used for composite manufacturing. Details on
sample preparation, analytical tools, specimen properties, and
formulations to obtain mechanical properties are presented in
Supporting Information with all details.

B RESULTS AND DISCUSSION

Materials and detailed experimental/analytical procedures are
provided in the Supporting Information. Formulation of resin
starts with identifying the correct mix ratio.”> Although amine/
epoxy equivalent weights allow for such calculations based on
molecular structures, the presence of oligomers from the
epoxidation reaction can affect the actual ratio.”® DDS is a
solid crystalline hardener with a melting point of 178 °C.
‘When working with crystalline hardeners, the epoxy monomer
can act as a solvent, enabling hardener dissolution before
reaching its meltin% point and thus providing a larger
processing window.”’ Mixing ratio studies involved using
various ratios and analyzing the resin via dynamic mechanical
analysis (DMA) to monitor temperature-dependent storage
modulus and T, development (Figure S1). BADGE-DDS
stoichiometry was provided by suppliers, resulting in a molar
ratio of 2.06:1 for the BADGE—DDS system and 1.52:1 for the
PHTE-DDS system (chemical structures of monomers are
given in Figure la) corresponding to 2.82:1 and 1.80:1 mass
ratios, respectively. The initial curing temperature is 180 °C for
2 h due to the melting point of DDS. Postcuring studies
indicate that 220 °C postcuring is sufficient to achieve the
highest T, of the PHTE—DDS system (Figure S2). The final
T, as determined by DMA (Figure 1b) was 260 °C for
PHTE-DDS and 220 °C for BADGE-DDS. As is well
documented for epoxy—amine systems the curing temperature
can be below the T, with the final T, exceeding the curing
temperature.””>” Further DSC studies were performed to
model the kinetics of the PHTE—DDS system and the

BADGE—DDS system to compare the two. First, the activation
energy (Ef)—dependency for heating rates of 2.5, 5, 7.5, and 10
K/min was evaluated from 0.1 to 0.9 within intervals of 0.01.
Figure 1b shows E; calculated according to Supporting eqs 4
and S (SI section 1.3.1), mapping the evolution of activation
energy for both systems as a function of degree of cure. The
activation energy ranges from 65 to 52 kJ/mol for PHTE—
DDS, which is located slightly above the activation energies of
conventional epoxy—amine reactions, typically ranging from 20
to 60 kJ/mol. This is likely due to the aromatic nature of DDS,
and the initial E, yields similar results as an epoxy resin cured
with DDS, which exhibits initial E, of 64 kJ/mol.”’ At & ~ 0.7,
the close-to-linear relation of activation energy and degree of
cure decreases, and lower energies are required. The decrease
in E, for PHTE—DDS could be due to the autocatalytic effect
of hydroxyl groups on epoxy—amine reactions. PHTE has
epoxy groups in much closer proximity than BADGE, which
could lead to enhanced autocatalytic effect, which is especially
relevant during latter stages of the reactions where secondary
amine—epoxy reactions have a higher activation energy.’"**
BADGE—DDS has higher E, of around 70 kJ/mol, which
remains fairly consistent throughout the curing process.

The decrease in E, for PHTE—DDS indicates that the rate-
determining step of curing changes from primary and
secondary amine reactions to a process with a smaller
activation energy, likely the autocatalytic hydroxyl mediated
reaction. Because the contribution of this process increases
with conversion, the value of E, at the end curing (¢ = 0.9)
may be used to estimate the activation energy of the respective
rate-determining processes. The resulting value (52 kJ/mol)
might be attributable to the activation energy of the principal
curing reactions such as autocatalyzed primary and secondary
amine addition. However, this value is well above the
activation energy of diffusion of small molecules (20 kJ/
mol),”> so an effect of vitrification can be excluded. As
indicated in Figure Ic, the change of E; emphasizes that the
cross-linking exhibits a more complex behavior and involves
multiple reaction mechanisms that require supplementary
investigation. Therefore, a model-based kinetic approach is
selected to model the reaction kinetics.

Isothermal and dynamic DSC scans provide the basis for the
multivariate analysis of six measurements at three different
heating rates (S, 7.5, 10 K/min) and three isothermal curing
temperatures (180, 190, 200 °C) (Figure 1d,e). The degree of
cure through the tests was obtained using eq 1.

t
f=—1 (d—H)dt

Hp ior J0 dt (1)
with Hpy,, describing the total heat of reaction and H
describing the reaction. For the model-based kinetic modeling,
the Kamal—Sourour phenomenological autocatalytic model of
mth + nth order (eq 2) was selected for describing the reaction
behavior of the reactive system:

E _ m _ n
ki = Ai e_Ef/(RT) (3)

with n, m, E; and A; describing fitting parameters and R being
the molar gas constant. The six parameters of the reaction
kinetic model are computed using a generic algorithm in
Matlab, MathWorks Inc., USA. The differential equation (eq
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2) is solved numerically by using an ode45-solver and initial
condition & = 0.01.** The model parameters are concurrently
identified for all data sets, resulting in an equal consideration of
isothermal and nonisothermal curing conditions. The iso-
thermal measurements are integrated into the fitting process, as
they are essential for accurately simulating curing behavior
under isothermal conditions.”® Table 1 overviews the fitted
parameters according to eqs 2 and 3.

Table 1. Parameters for the Reaction Kinetic Modeling
Revealed by Eqs 2 and 3

A, [lo E, [k A, [lo E, [k
m n (s_l)]g mol ] (s_l)]g mol ]
1.02 1.07 3.63 54.42 7.28 86.54

Further, Figure ld,e compares measured data and the
proposed phenomenological model, showing a good agreement
between modeling and experimental data. Through numerical
integration of eq 2 with the identified parameters, the cure
evolution can be determined for arbitrary curing cycles.

Rheology was used to characterize and compare the viscosity
profile (Figure S3) and gel point of the two systems (Figure
2a). At 23 °C the BADGE—DDS system has an initial mix
viscosity of 31.9 Pa-s, compared to 20500 Pa-s for the PHTE—
DDS system (Figure S3).

At 100 °C, viscosities are 48.3 mPa-s for BADGE—DDS and
6550 mPa-s for PHTE—DDS, which potentially introduce
composite manufacturing difficulties by means of resin
impregnation, justifying the use of high injection pressures to
ensure sufficient resin flow. The gel-point of the BADGE
system at 120 °C is above 225 min compared to 65 min for the
PHTE system (Figure 2a). This faster gel-time is due to the
lower activation energy of PHTE—DDS reaction as shown by
kinetic modeling, potentially due to the presence of more
hydroxyl groups and therefore a faster rate of curing.

DMA was used to verify the postcuring temperature (Figure
S2), verify stoichiometric ratios (Figure S1), and compare the
viscoelastic behavior of PHTE—DDS and BADGE—DDS over
a temperature range (Figure 1b). DMA showed a higher
storage modulus at room temperature for PHTE—DDS of 3.08
GPa compared to 244 GPa for BADGE—DDS at room

temperature. For BADGE—DDS this decreased to 67 MPa
after the glass transition, but for PHTE—DDS the modulus was
significantly higher after T, at 270 MPa due to the much higher
cross-linking-density for the PHTE system due to its increased
functionality compared to BADGE. This leads to a more rigid
network, even above T, From these results the thermome-
chanical performance of the PHTE—DDS system seems higher
than the BADGE—DDS system; however, both exhibit T,
values above the application temperatures for structural
composites. Hence, mechanical properties at room temper-
ature bear significant importance for performance assessment.

The thermal stability of resin systems was analyzed by
thermogravimetric analysis (TGA) at a heating rate of 10 °C/
min (Figure 2b) showing T, for the PHTE—DDS system at
290 °C in comparison to 330 °C for the BADGE—DDS
system. However, at 500 °C, BADGE—DDS had lost 75% of its
mass, compared to just 44% for PHTE—DDS, showing a
slower thermal degradation process for the bio-based system.
Evidently, a higher char yield at 900 °C of 24% for PHTE—
DDS compared with 1.4% for BADGE—DDS was observed.
Thermomechanical analysis (TMA) data (Figure 3a) show-
cases the dimensional changes of BADGE—DDS and PHTE—
DDS. Using this data, one can calculate a coefficient of thermal
expansion for both resin systems. PHTE—DDS has a
coefficient of 97.75 X 107 K™, compared to 84.45 X 107°
K™' for BADGE-DDS. This suggests that PHTE—-DDS
volumetrically expands slightly more than BADGE—DDS
below T,

Water contact angles of both systems were measured for
comparison to identify surface hydrophilicity (Figure S4).
From the average of S samples (Table S1), we can see that
both resins are hydrophilic due to the abundance of hydroxy
units after curing. PHTE—DDS is more hydrophilic than
BADGE—-DDS, with an angle of 69° compared to 80° for
BADGE, which could be ascribed to the higher aromaticity of
the BADGE—DDS (aromatic/aliphatic atoms = 1.16:1 for
BADGE-DDS and 0.76:1 for PHTE—DDS). Water absorp-
tion of the resin systems was studied via ASTM D570 (Tables
S2 and S3). Across 3 days BADGE—DDS and PHTE—-DDS
showed similar levels of water absorption; however after 14
days the PHTE—DDS had absorbed almost 20% more water
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Figure 2. (a) Storage and loss modulus development of PHTE—DDS (red) and BADGE—DDS (black) systems at 120 °C showing a gel point of
65 min for PHTE—DDS and a gel point of BADGE—DDS far above 225 min at this temperature. (b) TGA of resin systems. Heating rate = 10 °C/

min from 25 to 900 °C.
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Figure 3. (a) Graph obtained from thermomechanical analyzer. (b) Tensile stress vs strain graph. (c) Flexural stress vs strain graph. (d) Force vs
displacement graph from SENB samples. Sample dimensions have slight variation, leading to different K;. values even though some plots overlap.

Table 2. Mechanical and Thermal Properties of the BADGE—DDS and PHTE—DDS Resins

. ab Taswo
resin Topma™ Tasop Mas°cy Migo°c
system (°C) (°C) (Pa-s) a (K1)
BADGE— 220 403, 435 31.9, 0.0483 84.45 x 107°
DDS
PHTE— 260 345,611 20500, 6.55 97.75 x 1075
DDS

’
G 25°Cr
’ c

flexural tensile tensile
G’ 140°C modulus modulus® strength® fracture toughness
(MPa) (GPa) (GPa) (MPa) (Kie) (MPa-m'/?)
2.44, 1.56 2.60 1.20 83 0.51
3.08, 1.88 3.77 1.79 67 0.99

5 °C/min heating rate. “Onset of G’ drop. “DMA. “ASTM-D790. “ASTM-D638. /ASTM-D5045.

than the BADGE—DDS sample. Gel content is a key parameter
in assessing the degree of cure of a resin and is examined by
ASTM D2765 (Table S4). Samples are submerged in hot
toluene to dissolve any nongelled or microgelled parts of the
resin. The remaining mass after 72 h can be termed the gel
content. The gel content of postcured samples is very
comparable almost at 100%, indicating fully reacted epoxy—
amine constituents to form a continuous network. Resin
density is an important parameter, which on large scale has
direct influence on total composite weight and is especially
critical in aerospace applications. ASTM D792 was used to
calculate resin densities (Table SS and S6), and an average
density of 1.217 g/cm3 for BADGE—DDS and 1.333 g/cm3 for
PHTE—DDS was determined. Higher density represents a
drawback for the renewable resin system, which can be only
compensated if mechanical properties are improved compared
to petroleum counterparts.

Flexural, tensile, and fracture toughness (through single edge
notch bending, SENB) mechanical tests were performed on

both BADGE—DDS and PHTE—DDS specimens (Table S7—
12) according to ASTM standards (D790, D638, and D504S,
respectively; some examples are given in Figures S5—7).
Sample preparation and verification steps are detailed in
Supporting Information (section 1.4).

Tensile tests were performed using ASTM D638 to conduct
a comprehensive comparison on the tensile strength and
modulus. The tensile stress—strain graph is provided in Figure
3b, and results are presented in Table 2. The ultimate tensile
strength of the PHTE—DDS resin is 67 MPa, that is 23% less
than BADGE—DDS which has an ultimate tensile strength of
83 MPa. However, the Young’s modulus of PHTE—DDS is
1.79 GPa which is considerably (33%) higher than that of
BADGE-DDS (1.2 GPa). Overall, in tension properties
PHTE—-DDS is less ductile but stiffer compared to
BADGE—DDS. Flexural testing was performed using ASTM
D790 and the resulting stress—strain graph is given in Figure
3c. The modulus of elasticity in bending or flexural modulus is
calculated as 3.77 GPa for PHTE—DDS which is 42.3% higher
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as compared to 2.6 GPa for BADGE—DDS. The higher flexural
modulus of a resin could be beneficial in some cases where it
can resist buckling more effectively in a composite structure.

Following these mechanical tests, SENB testing was
performed to obtain the value of material fracture toughness
(Kic). As previously seen, the PHTE—DDS resin offers
significantly greater stiffness but lower strength than
BADGE-DDS resin. This was also seen in the SENB testing
in which the PHTE samples were subjected to higher loads
before fracture occurred. Kjc, the plane strain fracture
toughness, is a measure of the resistance of a material to
crack extension under predominantly linear-elastic conditions.
Higher K¢ values indicate a greater ability to prevent fracture
propagation in the material. As such, it is incredibly important
in composite applications where the main failure modes arise
from cracks propagating through the matrix, breaking the
fibers, and leading to catastrophic failure of parts.*® SENB
postprocessing is highlighted in the SI (section 1.4.3). The
fracture toughness can be taken as 0.99 MPa-m'/? for PHTE—
DDS which is 48% higher as compared to 0.51 MPa-m'/?* for
BADGE—-DDS. This could be due to the higher cross-link
density or higher absolute density of PHTE—DDS. More
connections to the stress point allow for more avenues for
energy dissipation throughout the polymer network. Table 2
summarizes and compares the thermomechanical properties of
so-formed resins in this work.

Interlaminar shear tests were performed on the composite
laminates (Supplementary section 1.4.4, Figures S8 and 9,
Tables S13—16). The ILSS results were 67.97 + 6.51 MPa for
PHTE—-DDS compared to 52.53 + 3.72 MPa for BADGE—
DDS. These results suggest significantly more favorable fiber—
matrix interactions in the PHTE—DDS formulation compared
to BADGE—DDS. One reason for this could be the increased
concentration of hydroxyl groups in the PHTE—DDS resin,
which is known to contribute to fiber—matrix interactions.

B CONCLUSIONS

Phloroglucinol holds significant promise as a renewable
feedstock, particularly as it can be sourced from brown algae.
Epoxidized phloroglucinol provides a trifunctional epoxy
monomer that, in this study, was combined with 4,4'-
diaminodiphenyl sulfone (DDS) to mimic aerospace-grade
formulations with 63% bio-based content. We observed that
the viscosity of the PHTE resin system was substantially higher
than that of the BADGE system (viscosity at 60 °C: PHTE—
DDS 101 Pa's vs BADGE—DDS 0.5 Pa's). The gel-point at
180 °C is significantly faster for PHTE—DDS compared to
BADGE—-DDS, at 100 s vs 29 min, due to lower activation
energy of PHTE—DDS resin and potentially due to the
increased solubility of DDS in PHTE. Cured PHTE—DDS
resin exhibits a significantly higher char yield at 900 °C (24%
vs 1.3%). Additionally, the PHTE—DDS system shows a slight
increase in water absorption and density compared to those of
the BADGE—DDS system. Notably, the PHTE—DDS resin
demonstrates superior glass transition temperature (T,) values
(260 °C vs 220 °C) and enhanced mechanical performance, as
evidenced by ASTM standard tests, particularly in terms of
flexural modulus, fracture toughness, and interlaminar shear
strength (ILSS). At this stage, one can conclude that renewable
resin can outperform petroleum derived resin in many critical
aspects, considering structural engineering applications.
Despite the promising potential demonstrated in this study,
future efforts should focus on reducing the viscosity of the

resin system or exploring alternative impregnation and
composite processing routes. Moreover, further research can
investigate composite formation and conduct comprehensive
studies to evaluate performance of the composites such as
damage tolerance or fatigue behavior. Overall, the renewable
PHTE-based resin exhibits substantial potential for composite
applications and could play a pivotal role in advancing the
sustainable composite industry and technologies.
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