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EPOXY VITRIMERS BASED ON DGEBA AND EPOXIDIZED PLANT OIL
AS CANDIDATES FOR COMPOSITE MATRIX APPLICATIONS

The growing demands related to sustainable development and the need to reduce the environmental impact of the
materials industry are leading to a search for alternatives to classic thermosetting resins. Vitrimers — polymers
containing covalent adaptive networks, combine the good mechanical properties and thermal stability of cross-
linked materials with the possibility of recycling and reprocessing.

This study presents epoxy compositions obtained from epoxidized vegetable oil, an acid and anhydride hardener,
as well as a transesterification catalyst. The mechanical properties, thermal stability and recyclability of the
vitrimers were evaluated, indicating their potential for use in composite materials in line with the rules of the

circular economy.
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INTRODUCTION

The matrix in composite materials has a key structural and protective role. It is responsible for
maintaining the layered structure of the composite, the shape of the element and the mutual arrangement of the
reinforcing fibers [1-4]. It separates the stresses acting within the material volume, provides uniform load
transfer to the fibers and, in the event of damage to some of them, takes over and transfers the stresses to the
undamaged fibers, maintaining the integrity of the structure [1,3,4]. Epoxy resins are among the key
thermosetting matrixes used in aviation, automotive and construction industries due to their high mechanical
strength, chemical resistance and thermal stability [1,3]. The disadvantages of conventional epoxy thermosets
are their severely restricted recyclability. The formation of a permanent covalent network during the curing
process significantly hinders the efficient recovery of the material by mechanical or thermomechanical
methods. This hindrance contradicts the fundamental principles of the circular economy [5,6]. The solution to
this problem came in the form of vitrimers — materials based on covalent adaptive networks (CANs) that allow
bond exchange without losing network integrity, thus enabling repair and recycling [7-9].

A widely studied family of epoxy vitrimers is obtained using carboxylic acids and anhydrides as
hardeners in the presence of transesterification catalysts [10—14]. The use of zinc salt as a catalyst not only
reduces the temperature and time of curing, but also promotes the dynamic exchange of ester bonds in the
cross-linked structure, allowing self-repair and reprocessing [10—13,15—17]. In recent years, the importance of
renewable raw materials in resin synthesis has also grown [18,19]. Epoxidized vegetable oils, such as
epoxidized soybean oil, have been shown to reduce the formulation of viscosity and facilitate composite
processing. They remain compatible with the dynamically cross-linked epoxy network, thereby ensuring the
recyclability of vitrimers [20-22].

This paper presents a composition based on an epoxy resin, epoxidized vegetable oil and an acid-
anhydride mixture in the presence of a zinc catalyst. Its mechanical properties, thermal stability and
recyclability were evaluated, indicating that the developed resin systems are promising candidates for matrix

materials in fiber-reinforced composites that comply with the principles of sustainable development.

MATERIALS AND METHODS
Materials

Diglycidyl ether bisphenol A (DGEBA, LEP=0.530, Epidian®6, Sarzyna Chemical, 99 %), succinic
anhydride (SAN, Thermo Scientific, 99 %), succinic acid (SuA, Chempur®, 99.5 %), epoxidized soybean oil

(ESO, LEP=0.405, Ergoplast® ES, Boryszew S.A.), zinc acetylacetonate (Zn(AcAc),, Sigma-Aldrich, 99.9 %),
2
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and propylene glycol (PG, Chempur®, chemically pure) were used to prepare the epoxy compositions and

conduct a chemical recycling process..

Vitrimer preparation

Liquid epoxy resin with the addition of 20-50 wt% epoxidized soybean oil (relative to the total epoxy
mixture) was introduced into a reactor equipped with a mechanical stirrer. Next, a zinc catalyst was added in
an amount of up to 10 mol% relative to the total number of moles of hardener (succinic acid + succinic
anhydride). The mixture was heated to 130°C with constant stirring, and after reaching the set temperature,
stirring was continued until a homogeneous dispersion of the catalyst was obtained. At the temperature of
130°C, a mixture of hardeners was introduced. A molar ratio of anhydride acyl groups to epoxy groups in the
epoxy mixture of 1:1 and a molar ratio of acid carboxyl groups to epoxy groups 1:1 was used (Table 1). After
adding the hardeners, the mixture was stirred until a homogeneous composition without visible agglomerates
was obtained. The resulting composition was poured into a prepared Teflon (PTFE) mold and then thermally

cured at 150°C for 3 hours.

Table 1. Content of epoxidized soybean oil in composition.

SAMPLE Epoxy / Alkyl group ratio CAN Catalyst ESO content
V/1 50 wt%
v/2 1:1 10 mol% vs. curing agent 35 wt%
V/3 20 wt%
Methods
Hardness

Hardness measurements were performed in accordance with the PN-EN ISO 868 [23] standard by
means of a Shore TI-D Durometer Test Stand (Sauter Controls, Germany). The tests were conducted at

ambient temperature. For each material series, the hardness was calculated as the average of five repetitions.

Impact strength

Impact strength tests were carried out according to the PN-EN ISO 180:2004 [24] standard using the
Izod method without a notch, employing a HITS.5P impact tester (Zwick Roell, Germany). Measurements were

performed at ambient temperature on specimens measuring 80 x 10 X 4 mm. In accordance with the standard,

3
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the pendulum was adapted to the amount of energy absorbed. Therefore, for V/1 test, a pendulum with an
energy of 5.5 J was utilized, and for V/2 and V/3 tests, an energy of 2.75 J was applied. The impact strength

values were calculated as the average of five specimens for each type of material.

Tensile strength

The mechanical properties of the epoxy vitrimers, including the tensile strength and elongation at break
were evaluated employing a tensile tester (/nstron 4466, Instron; Norwood, MA, USA) with Bluehill2 software,
equipped with an extensometer according to PN-EN ISO 527-2:2012 [25]. The tensile tests were conducted
on cured resin samples measuring 75 x 5 x 3 mm, at a crosshead speed of 100 mm/min at ambient temperature.
The final values were calculated as the average of six measurements. The sample thickness was measured at
five points in accordance with ISO 16012:2015 [26], using a digital micrometer (Mitutoyo Absolute Tester,
Tokyo Sangyo Co. Ltd., Japan) with a resolution of 0.001 mm.

Thermal analysis

The thermal properties of the epoxy vitrimers were investigated by means of thermoanalytical
techniques, including thermogravimetry (TG) and differential scanning calorimetry (DSC). The TGA analysis
was conducted with a thermobalance (TG4 2; Mettler Toledo; Columbus, OH, USA). Approximately 10 mg
of the cured resin samples were placed in a 70 puL open platinum crucible and heated from 30°C to 800°C at a
heating rate of 20°C/min. The measurements were performed under a dynamic atmosphere of either nitrogen
(inert) or air (oxidizing) with a flow rate of 100 mL/min. From the TG curves, the degradation onset
temperature (Tonset) and the peak degradation temperature (Tpea) Were calculated. These parameters served as
indicators of vitrimer thermal stability. The thermograms were analyzed employing STARe thermal analysis
software. The glass transition temperature (T,) of the cured resins was determined using a differential scanning
calorimeter (DSC 822¢; Mettler Toledo; Columbus, OH, USA). Approximately 10 mg of each sample was
placed in a 40 puL aluminum crucible, which was then sealed with a perforated lid (1.0 mm). The crucible was
heated twice in a dynamic nitrogen atmosphere (50 mL/min) from -20°C to 190°C at a heating rate of 10°C/min.

The T, values were determined from the second heating run.

Recycling
The hardened vitrimer material was subjected to chemical recycling. A 25 g sample was placed in a

250 mL flask, after which a solvent (e.g. propylene glycol) was added in a 4:1 weight ratio to the material. The

4
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mixture was heated to 180°C for 15 minutes with constant stirring. After the dissolution process was complete,
the solvent was removed by a rotary vacuum evaporator (Hei-VAP Value; Heidolph Instruments; Schwabach,

Germany).

RESULTS AND DISCUSSION
Mechanical properties

The hardness of the vitrimers was highly dependent on the amount of epoxidized soybean oil in the
composition. ESO in the described tests acts as a plasticizer; consequently, the hardest sample was the one
containing 20 wt% ESO (V/3), the hardness of which was 79.7. In contrast, increasing the oil content to 50

wt% (V/1) resulted in a decrease in hardness of over 30% (Table 2).

Table 2. Mechanical properties of epoxy vitrimers

Hardness Impact strength
Sample
[Shore D] [kJ/m?]
v/1 55.5 96.73P(N)
V/2 69.0 23.21C*
V/3 79.7 10.45C*

Symbols P(N) and C* denote, respectively, partial (non-hinge) and complete breaks according to PN-EN ISO 180.

The addition of ESO also influenced the impact strength of the investigated epoxy vitrimers (Table 2). The
lowest value, 10.45 kJ/m?, was determined for the vitrimer containing 20 wt% ESO (V/3); this sample broke
completely. With increasing ESO content, the impact strength of the epoxy vitrimer grew, a trend attributable
to the lower network density, which provides greater mobility of the epoxy network, thus enabling the material
to absorb more impact energy instead of undergoing brittle fracture. Confirming this, the impact strength for
the vitrimer containing 50 wt% ESO (V/1) was 96.73 kJ/m? and the sample only partially fractured.

By comparing the obtained values of strength properties, a significant effect of the ESO content on the tensile
strength and elongation at break was also observed. All the values of tensile strength were in the range of
20-56.7 MPa (Figure 1), with the highest value obtained for sample V/3, i.e. having the lowest ESO content.
As the presented results demonstrate, increasing the ESO content led to a decline in the tensile strength. ESO
introduces additional, more flexible segments into the epoxy network structure, thereby reducing the number
of cross-links. This causes a decrease in the cross-link density, thereby reducing the strength of the cured
composition but increasing its flexibility [27]. This was confirmed by the growth in elongation at break. For
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the sample containing 50 wt% ESO (V/1), the elongation at break was 40%, while reducing the ESO content

to 35 and 20 wt% resulted in a drop in elongation at break to 4.0 and 2.2%, respectively.

@ Tensile strength [MPa]

80 - Elongation at break [%] - 80
60 - - 60
40 - L 40

V/1 V/2

Figure 1. Tensile strength and elongation at break of vitrimers.

Thermal analysis

Thermogravimetric analysis in air revealed that all the vitrimer formulations exhibited high thermal
stability (Table 3). The degradation onset temperature at 5% weight loss (Tonset) ranged from 339.6 to 359.6°C,
with the highest value observed for V/3 containing 20 wt% ESO. The principal degradation step occurred at a
temperature ranging from approximately 380 to 450°C, with the temperature corresponding to the maximum
rate of weight loss (Tpeak) falling within the range of 410 to 419°C. The slight increase in Tonse: With decreasing
ESO content suggests that the more rigid DGEBA-rich networks are somewhat more resistant to thermo-

oxidative degradation than the ESO-rich ones, although the differences remain insignificant.

Table 3. Thermal stability in oxidizing atmosphere and glass transition temperature of epoxy vitrimers

Tanset TPC’”k Tg

SAMPLE
[°C] [°C] [°C]
V/1 339.6 410.3 24.8
V/2 340.7 419.0 50.9
V/3 359.6 415.7 63.3

Differential scanning calorimetry (DSC) revealed a significant effect of the ESO content on the glass transition
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temperature (T,). T, increased from 24.8°C for V/1 (50 wt% ESO) to 50.9°C for V/2 (35 wt% ESO) and 63.3°C
for V/3 (20 wt% ESO). These findings are consistent with the anticipated decline in cross-link density and the
incorporation of flexible aliphatic segments that accompanies increasing ESO content. It is noteworthy that
the T, of V/1 is close to room temperature, which suggests that this formulation behaves as a rubbery material
under ambient conditions and is more suitable for tough, flexible components rather than rigid structural parts.
In contrast, V/3 combines a higher T, with superior tensile strength, making it a more suitable candidate for

load-bearing composite matrix applications at moderate temperatures.

Recycling

The performed chemical recycling procedure allowed complete dissolution of the cured material and
the production of a liquid recyclate. After removing the excess solvent, the recovered recyclate was mixed
with a fresh, liquid vitrimer composition at 15 wt%, 20 wt%, and 30 wt% relative to the total fresh composition,
and then the prepared mixture was cured at T=150°C for 6 hours. For the obtained epoxy polymers containing

recyclate, the tensile strength, elongation and glass transition temperature were determined (Table 4).

Table 4. Mechanical properties and glass transition of epoxy vitrimers with recyclate.

Tensile strength Elongation at break Tg
SAMPLE 0
[MPa] [%0] [°C]
V/3 + 15 wt% recyclate 423 4.9 34.1
V/3 + 20 wt% recyclate 36.9 12.0 37.2
V/3 + 30 wt% recyclate 14.9 66.0 29.9

As the recyclate content in the material increases from 15 to 30% by weight, the tensile strength dwindles from
42.3 to 14.9 MPa, while the elongation at break rises from 4.9 to 66% (Table 4, Figure 2). This indicates a
progressive decrease in cross-link density and an increase in network heterogeneity. The moderate T, values
(29.9-37.2°C) of the materials containing recyclate confirm this trend. From the point of view of the industrial
application of composite materials, those containing up to 15-20% by weight of recyclate still show a
reasonable balance between strength and flexibility, while higher recyclate contents primarily result in highly

stretchable, soft materials that can be used for manufacturing flexible components.
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Figure 2. Tensile strength and elongation at break of vitrimers with recyclate.

CONCLUSIONS

The present study addresses the challenge of developing epoxy vitrimers based on diglycidyl ether of
bisphenol A (DGEBA) and epoxidized soybean oil (ESO). The objective was to synthesize a matrix material
that combines the robust performance of conventional epoxy resins with the recyclability required by the
circular economy, achieved through the formation of dynamic covalent adaptive networks (CANs) via a zinc-
catalyzed transesterification mechanism. The results demonstrate that ESO effectively tunes the
thermomechanical properties of the polymers. A clear trade-off between rigidity and flexibility was observed:
the formulations with the lower ESO content (20 wt%) exhibited a higher tensile strength (56.7 MPa) and a
glass transition temperature (Tg) of 63.3°C, rendering them suitable for structural applications. In contrast,
higher ESO loading (50 wt%) acted as an effective plasticizer, significantly raising the impact strength (96.73
kJ/m?) and elongation at break while decreasing the hardness and thermal resistance. These trends are
consistent with reports on bio-based epoxies and ESO-modified vitrimer systems, in which increasing the
fraction of flexible aliphatic segments lowers the cross-link density and T, while enhancing the toughness,
impact resistance, elongation and processability [20-22].

Although the Zn?" catalyzed transesterification observed here is consistent with vitrimer mechanisms
described in earlier research [11-13,15-17], the present formulation differs from those systems in several
respects. In contrast to polyester- or rosin-based networks reported in the literature, this vitrimer employs a
combination of DGEBA with ESO and a mixed succinic acid/anhydride curing system, with Zn(AcAc):

serving as the catalyst. Furthermore, complete dissolution was achieved within 15 minutes at 180°C in
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propylene glycol, with successful reincorporation of 15-20 wt% recyclate, resulting in only a moderate
reduction in strength. By comparison, most cited studies discuss recyclability qualitatively and do not provide
equivalent processing parameters.

As reported in the literature [14,21] comparable recycling efficiency and property retention are
primarily concerned with the ability of vitrimers to retain reprocessability and structural integrity after
recycling. Nevertheless, it should be noted that these works generally do not provide numerical post-recycling
mechanical or thermal data. In contrast, the present system provides explicit performance metrics following
recycling, including tensile strength values of 42.3 MPa, 36.9 MPa, 14.9 MPa and T, values of 37.2°C, 34.1°C,
29.9°C for samples containing 15, 20 and 30 wt% recyclate, respectively. These results offer a more detailed
characterization of vitrimer recyclability. The combined success of chemical recycling in propylene glycol and
the reintegration of up to 20 wt% recycled material without substantial performance loss further confirms the
viability of this system for closed-loop life cycles.

Overall, these findings carry significant implications for the composites industry. The developed
vitrimers present a practical, recyclable matrix platform that balances performance and processability,
addressing the long-standing challenge of thermoset waste without compromising environmental

responsibility.

Acknowledgments

This project received funding from the Horizon Europe programme, topic HORIZON CL4-2021-
RESILIENCE-01-11, under grant agreement number 101058371, project ESTELLA “DESign of bio-based
Thermoset polymer with rEcycLing capabiLity by dynAmic bonds for bio-composite manufacturing”.

REFERENCES

[1] Alabiso W, Schlogl S. The Impact of Vitrimers on the Industry of the Future: Chemistry, Properties
and Sustainable Forward-Looking Applications. Polymers 2020;12:1660.
https://doi.org/10.3390/polym12081660.

[2] Karger-Kocsis J, Mahmood H, Pegoretti A. Recent advances in fiber/matrix interphase engineering for
polymer composites. Prog Mater Sci 2015;73:1-43. https://doi.org/10.1016/j.pmatsci.2015.02.003.

[3] Post W, Susa A, Blaauw R, et al. A Review on the Potential and Limitations of Recyclable Thermosets
for Structural Applications. Polym Rev 2020;60:359-88.
https://doi.org/10.1080/15583724.2019.1673406.

[4] Rajak D, Pagar D, Menezes P, et al. Fiber-Reinforced Polymer Composites: Manufacturing, Properties,
and Applications. Polymers 2019;11:1667. https://doi.org/10.3390/polym11101667.

[5] Elling BR, Dichtel WR. Reprocessable Cross-Linked Polymer Networks: Are Associative Exchange
Mechanisms Desirable? ACS Cent Sci 2020;6:1488-96. https://doi.org/10.1021/acscentsci.0c00567.

[6] YangY, Zhang S, Zhang X, et al. Detecting topology freezing transition temperature of vitrimers by

9



[25]

PRE-PRINT ARTICLE T
COPYRIGHT BY COMPOSITES THEORY AND PRACTICE JOURNAL M

Polish Society of

ISSN: 2299-128X Composite Materials

AIE luminogens. Nat Commun 2019;10:3165. https://doi.org/10.1038/s41467-019-11144-6.

Lee MK, Kim MO, Lee T, et al. Epoxy-Based Vitrimers for Sustainable Infrastructure: Emphasizing
Recycling and Self-Healing Properties. Polymers 2025;17:373.
https://doi.org/10.3390/polym17030373.

Meng F, Saed MO, Terentjev EM. Rheology of vitrimers. Nat Commun 2022;13:5753.
https://doi.org/10.1038/s41467-022-33321-w.

Sanchez-Rodriguez D, Zaidi S, Jahani Y, et al. Processability and reprocessability maps for vitrimers
considering thermal degradation and thermal gradients. Polym Degrad Stab 2023;217:110543.
https://doi.org/10.1016/j.polymdegradstab.2023.110543.

Brondi C, Marotta A, Filippone G, et al. Curing Behavior of Reprocessable Epoxy Vitrimers: Thermal
Analysis and Kinetics Modeling. Macromol Chem Phys 2023;224:2300273.
https://doi.org/10.1002/macp.202300273.

Fang M, Liu X, Feng Y, et al. Influence of Zn2+ catalyst stoichiometry on curing dynamics and stress
relaxation of polyester-based epoxy vitrimer. Polymer 2023;278:126010.
https://doi.org/10.1016/j.polymer.2023.126010.

Niu X, Wang F, Li X, et al. Using Zn** Tonomer To Catalyze Transesterification Reaction in Epoxy
Vitrimer. Ind Eng Chem Res 2019;58:5698—706. https://doi.org/10.1021/acs.iecr.9600090.

Palmieri B, Cilento F, Amendola E, et al. An Investigation of the Healing Efficiency of Epoxy Vitrimer
Composites Based on Zn2+ Catalyst. Polymers 2023;15:3611. https://doi.org/10.3390/polym15173611.
Zhang S, He E, Liang H, et al. Chemical Recycling of Epoxy Thermosets: From Sources to Wastes.
Actuators 2024;13:449. https://doi.org/10.3390/act13110449.

Demongeot A, Mougnier SJ, Okada S, et al. Coordination and catalysis of Zn?" in epoxy-based
vitrimers. Polym Chem 2016;7:4486-93. https://doi.org/10.1039/C6PY00752J.

Palmieri B, Cilento F, Amendola E, et al. Influence of Catalyst Content and Epoxy/Carboxylate Ratio
on Isothermal Creep of Epoxy Vitrimers. Polymers 2023;15:3845.
https://doi.org/10.3390/polym15183845.

Zeng Y, Yang B, Luo Z, et al. Fully rosin-based epoxy vitrimers with high mechanical and
thermostability properties, thermo-healing and closed-loop recycling. Eur Polym J 2022;181:111643.
https://doi.org/10.1016/j.eurpolym;j.2022.111643.

Denissen W, Winne JM, Du Prez FE. Vitrimers: permanent organic networks with glass-like fluidity.
Chem Sci 2016;7:30-8. https://doi.org/10.1039/C5SC02223A.

Huang S, Fu Q, Yan L, et al. Characterization of interfacial properties between fibre and polymer
matrix in composite materials — A critical review. ] Mater Res Technol 2021;13:1441-84.
https://doi.org/10.1016/j.jmrt.2021.05.076.

Liu H-H, Ma 'Y, Zhou Y-H, et al. A Biobased Vitrimer: Self-Healing, Shape Memory, and
Recyclability Induced by Dynamic Covalent Bond Exchange. ACS Omega 2024:acsomega.4c04264.
https://doi.org/10.1021/acsomega.4c04264.

Veloso-Fernandez A, Ruiz-Rubio L, Yugueros I, et al. Improving the Recyclability of an Epoxy Resin
through the Addition of New Biobased Vitrimer. Polymers 2023;15:3737.
https://doi.org/10.3390/polym15183737.

XiaJ, Li S, Gao R, et al. Bio-Based Epoxy Vitrimers with Excellent Properties of Self-Healing,
Recyclability, and Welding. Polymers 2024;16:2113. https://doi.org/10.3390/polym16152113.
PN-EN ISO 868:2003 -Plastics and ebonite — Determination of indentation hardness by means of a
durometer (Shore hardness) 2003.

Tworzywa sztuczne - Oznaczanie udarnosci metodg Izoda PN-EN ISO 180. Warszawa: Polski Komitet
Normalizacyjny; 2004.

Polish Committee for Standardization. PN-EN ISO 527-2:2012 - Plastics - Determination of tensile
properties Part 2: Test conditions for moulding and extrusion plastics 2013.

10



PRE-PRINT ARTICLE T
COPYRIGHT BY COMPOSITES THEORY AND PRACTICE JOURNAL M

Polish Society of

ISSN: 2299-128X Composite Materials

[26] International Organization for Standardization. [ISO 16012:2015 - Plastics - Determination of linear
dimensions of test specimens 2015.

[27] Niedermann P, Szebényi G, Toldy A. Effect of Epoxidized Soybean Oil on Curing, Rheological,
Mechanical and Thermal Properties of Aromatic and Aliphatic Epoxy Resins. J Polym Environ
2014;22:525-36. https://doi.org/10.1007/s10924-014-0673-8.

11



