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ties and long
service life. However, their insoluble and infusible cross-linked networks pose a significant re-
cycling challenge, particularly with the impending retirement of the first generation of wind
turbine blades. In this work, we reported a fully bio-based epoxy Vitrimer (FEP) incorporat-
ing a dual-dynamic covalent network design and systematically investigated the influence of
the 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) catalyst on its curing kinetics, thermal/mechan-
ical properties, dynamic exchange behavior, and degradation performance in a mild alkaline
solution. Compared to conventional epoxy resins, FEP exhibited superior tensile strength and
elongation at break at an optimal TBD concentration (2 wt%), achieving an excellent
strength-toughness balance. The presence of TBD accelerated the exchange rates of both
disulfide and ester bonds, endowing FEP with notable stress relaxation at elevated tempera-
tures. Moreover, FEP demonstrated complete dissolution in 1 mol/L. NaOH within 6 h at 25
°C. These results underscored the exceptional strength, toughness, and recyclability of FEP,
positioning it as a promising, environmentally friendly matrix resin for next-generation appli-
cations in the new energy sector.
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I. INTRODUCTION

Owing to high cross-linking density and excellent
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stability, epoxy thermosets (EPTs) are widely used in
new energy fields such as wind turbine blades and auto-
motive interiors [1]. However, their dense three-dimen-

sional network structure and chemical inertness make
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them notoriously difficult to recycle. The most common
epoxy-amine cross-linked systems are not only con-
strained by reproductive toxicity concerns associated
with bisphenol-A (BPA)-based epoxy monomers but al-
so require harsh conditions for decomposition, conflict-
ing with green and sustainable development goals. In
this context, recyclable thermosets based on dynamic
covalent adaptable networks (CANs) have emerged [2].
These
bonds—such as ester, disulfide, imine, siloxane, and ac-

materials incorporate reversible covalent
etal linkages—into the polymer backbone, thereby con-
ferring epoxy resins with recyclability, reprocessability,
and self-healing capabilities [3—5]. In 2011, Leibler and
co-workers proposed a novel class of remodelable tri-
network epoxy-based glassy polymers, termed Vit-
rimers’ [6]. These materials maintain the stability and
heat resistance of conventional thermosets at room tem-
perature, while their cross-linked networks can undergo
topological rearrangement under elevated tempera-
tures in the presence of a catalyst, enabling reprocess-
ing and recycling. Despite these advantages, the devel-
opment of Vitrimers still faces two critical challenges: 1)
The introduction of dynamic covalent bonds often com-
promises mechanical performance due to the relatively
weak nature of these bonds. 2) It remains difficult to si-
multaneously achieve high toughness and strength in
Vitrimers, a common trade-off in engineering plastics.

In epoxy Vitrimer systems, catalyst concentration
serves as a key factor regulating both the rate of dy-
namic exchange reactions and the macroscopic materi-
al properties. It influences the activation energy barrier
of dynamic covalent bond exchange and the topology
freezing transition temperature, and directly deter-
mines the material’s rheological behavior, mechanical
performance, and degradation efficiency. For instance,
Cui et al. [7] demonstrated that zinc-based catalysts sig-
nificantly affected the curing behavior, thermal proper-
ties, mechanical performance, and dynamic self-healing
capability of Vitrimers. A small amount of ZnAA (1%)
accelerated the curing rate, whereas a higher concentra-
tion (>5%) led to a decrease in the storage modulus
(E'") at elevated temperatures, confirming the catalytic
role of ZnAA in ester and disulfide exchange reactions.
Thus, the mechanism by which catalyst concentration
affects overall performance in different systems re-
quires further investigation.

In recent years, recyclable epoxy systems derived

from renewable biomass resources have shown promis-
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ing prospects. For example, Wu et al. [8] reported a ful-
ly lignin-derived epoxy resin (DGF/MBCA) whose
composites exhibit excellent thermomechanical proper-
ties and closed-loop recyclability. Wang et al. also re-
ported a self-healing, recyclable, and degradable bio-
based epoxy Vitrimer with dual dynamic imine and
disulfide bonds, the core raw material of which, 5-hy-
droxymethylfurfural (HMF), is derived from carbohy-
drates [9]. Nevertheless, efficient structural reprocess-
ing in these systems still relies on high temperatures
and harsh catalytic conditions, underscoring that the
selection and optimization of catalyst type and dosage
remain critical for achieving green recycling in bio-
based systems.

Herein, we designed a dual-dynamic network Vit-
rimer FEP employing furan-based bi-/tetra-functional
epoxides as the rigid cross-linking skeleton and
poly(thioctic acid) as the flexible dynamic chain seg-
ment, and systematically investigated the influence of
catalyst concentration on curing kinetics, network evo-
lution, mechanical properties, and recycling behavior.
By modulating catalyst concentration, the exchange
rates of ester and disulfide bonds were finely tuned to
balance rigidity, toughness, and reprocessability. Fur-
thermore, through green degradation and hot-pressing
reshaping processes, we aimed to construct a fully bio-
based, high-performance, and closed-loop recyclable
epoxy Vitrimer suitable for large-scale composite appli-
cations such as wind turbine blades.

Il. EXPERIMENTS

A. Reagents

2,5-Furyl (BAMF) and 5,5-
(oxybis(methylene))bis(furan-2-carbonyl chloride)
(OBMFCA) were provided by Hefei Leaf Biotech Co.,
Ltd. Thioctic acid (TA) was purchased from Sigma
Aldrich. Glycidol, epichlorohydrin (ECH), thionyl chlo-
ride, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and oth-
er chemicals were purchased from Aladdin.

dimethylamine

B. Preparation of BAMF-GA

BAMF (0.2 mol, 1 equiv.), ECH (14 equiv.), and
tetrahydrofuran (THF, 150 mL) were added into a
500 mL round-bottom flask and reacted at 30°C
overnight. Subsequently, a 30 wt% NaOH aqueous solu-
tion (12 equiv.) was added, and the reaction was contin-
ued at 45 °C for 6 h. After completion, the mixture was

© 2026 Chinese Physical Society


https://doi.org/10.1063/1674-0068/cjcp2512180
https://doi.org/10.1063/1674-0068/cjcp2512180
https://doi.org/10.1063/1674-0068/cjcp2512180
https://doi.org/10.1063/1674-0068/cjcp2512180
https://doi.org/10.1063/1674-0068/cjcp2512180

Chin. J. Chem. Phys., Vol. X, No. X

extracted with ethyl acetate (EA, 500 mL). The prod-
uct was purified by column chromatography with an
EA/PE =1/3 eluent and identified as glycidyl amine by
'H NMR spectroscopy. 'HNMR (400 MHz, Chloroform-
d) 6 7.20-7.17 (d, 2H), 6.53-6.46 (d, 2H), 4.66—4.54 (m,
6H), 4.18-4.09 (q, 4H), 3.36-3.30 (m, 2H), 2.93-2.87 (m,
2H), 2.75-2.69 (m, 2H).

C. Preparation of OBMFCA-GE

Glycidol (2.4 equiv.), triethylamine (2.4 equiv.), and
dichloromethane (DCM, 50 mL) were added into a
500 mL round-bottom flask, and the mixture was react-
ed in an ice bath. OBMFCA (1 equiv.) was first dis-
solved in DCM (20 mL) and then slowly added to the
mixture over 30 min. The reaction was stirred at room
temperature for 4 h. After completion, the mixture was
washed twice with a saturated sodium chloride solution.
The organic phase was separated, dried over anhydrous
NaoSQy, filtered, and concentrated under reduced pres-
sure to yield a white powder. The product was identi-
fied as glycidyl ester by 'H NMR spectroscopy. q
NMR (400 MHz, Chloroform-d) 6 6.13-6.03 (m, 1H),
3.88-3.63 (q, 2H), 3.07—2.92 (m, 2H), 2.86-2.78 (m, 1H),
2.73-2.65 (m, 2H), 2.58-2.49 (m, 1H), 2.48-2.40 (m,
2H).

D. Preparation of FEP neat resin

In a typical experiment, poly(thioctic acid) (PTA)
was first synthesized via ring-opening polymerization of
TA (30 mmol) at 140 °C for 0.5 h. Subsequently, a mix-
ture of BAMF-GA (10 mmol) and OBMFCA-GE
(10 mmol), and a catalytic amount of TBD (0-5 wt%
relative to the total mass of epoxides) with varying stoi-
chiometric ratios was rapidly introduced into the PTA
melt at 70 °C. After mixing for 60 s, the homogeneous
mixture was transferred to a PTFE mold and degassed
under vacuum for 5 min to remove bubbles. The curing
process consisted of pre-curing at 70 °C for 4 h followed
by post-curing at 160 °C for 1 h, yielding a crimson-col-
ored FEP Vitrimer.

E. Hot pressing process of FEP

The cured FEP samples were sectioned into pieces
using a razor blade and placed into stainless steel fix-
tures. The samples were then remolded via hot pressing
at 180 °C and 20 MPa for 1 h using a flat vulcanizer.
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F. Chemical degradation of FEP

Chopped FEP (100 mg) was combined with 1 mol/L
NaOH (20 mL) in a three-neck round-bottom flask
equipped with a magnetic stirrer. The alkaline degrada-
tion reaction was conducted at room temperature for
6 h under continuous stirring. Following this, 1 mol/L
HCI was added to the mixture and allowed to react for
an additional 2 h, during which the mixture separated
into distinct layers. The reaction mixture was then fil-
tered to separate the products.

G. Chemical stability, swelling, and gel content testing

The swelling ratio was measured by immersing sam-
ples with five different TBD concentrations (~20 mg,
mp) in methanol at room temperature until equilibrium.
Once swelling equilibrium was reached, the samples
were removed from the solution, and any excess solvent
on the surface was wiped off using filter paper. The
swollen samples were then weighed (m7), and the
swelling ratio was calculated according to the following
formulas:

Gel content(%) = —L x 100%
mo
1

mi —mo % 100%

Swelling ratio(%) =
mo

H. Characterization

Proton nuclear magnetic resonance (IH NMR) spec-
tra were recorded on Bruker 400 MHz NMR spectrome-
ter. Raman spectra of TA and FEP were recorded on a
LabRAM HR Evolution (Horiba, Japan) over the range
of 400-1000 cm™'. Atomic force microscopy (AFM)
phased images and height images were scanned on a
Bruker Dimension Icon. The viscosity was tested on a
SNB-4 rheometer (Shanghai YiXin) with a 25 mm di-
ameter rotor. Non-isothermal differential scanning
calorimetry (DSC) was tested to analyze the curing ki-
netics of FEP and heated at different heat rate (5, 10,
15, 20 °C-min_1) over a temperature range from 30 °C
to 300 °C. The apparent activation energy (F,) of the
curing reaction was determined using the Kissinger
equation. This approach assumes the maximum reac-
tion rate occurs at the exothermic peak temperature
(Tp) and that the reaction order remains constant
throughout the curing process. E, was calculated ac-
cording to Kissinger equation:

© 2026 Chinese Physical Society
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Curing network of FEP
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FIG. 1 Curing kinetics curves under different TBD concentration.

RT,

ln< B > ln<AR>
T, Ea
where R is the universal gas constant, A is the pre-expo-
nential factor, 3 is the heating rate, and T}, is the tem-
perature of the exothermic peak.

Ill. RESULTS AND DISCUSSION

A. Preparation of FEP neat resin

In this study, the epoxy Vitrimer FEP was synthe-
sized using a two-step process (Scheme 1). First, the
poly(thioctic acid) (PTA) precursor was prepared via
ring-opening polymerization of thioctic acid (TA). Sub-
sequently, furan-based bifunctional epoxide (OBMFCA-
GE) and furan-based tetrafunctional epoxide (BAMF-
GA) were introduced into the system for curing. The
curing procedure consisted of two stages: 4 h at 80 °C,
followed by a final post-curing step at 160 °C for 1 h to
ensure complete carboxyl-epoxy curing.

TA served as the curing agent in this system, with its
most notable feature being the formation of linear PTA

through ring-opening polymerization of the disulfide
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bond in the five-membered ring [10]. However, the dy-
namic behavior of linear PTA at room temperature
leads to spontaneous depolymerization, resulting in rel-
atively low thermal stability and mechanical properties,
which limits its application. Therefore, utilizing the car-
boxyl groups of TA as curing sites and incorporating
the furan-based epoxy resin mixture as the cross-link-
ing matrix represents an effective approach to enhance
its thermal and mechanical performance. In this design,
the tetrafunctional furan-based epoxide (BAMF-GA)
was constructed as an inherently rigid structure con-
taining a tertiary amine moiety, while the furan-
(OBMFCA-GE) de-
signed with a more flexible architecture incorporating

basedbifunctionalepoxide was
ether and ester linkages. This molecular design created
a “rigid-flexible” synergistic system. Consequently, the
three-component system (PTA/OBMFCA-GE/BAMF-
GA) synergistically combined the flexibility and disul-
fide dynamics of PTA with the rigid, aromatic furan-
based skeleton, enabling precise tuning of cross-linked
density and dynamic exchange rates to achieve a bal-
anced performance profile that would be difficult to at-

tain with simpler two-component formulations.

© 2026 Chinese Physical Society
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FIG. 2 (a—c) Non-isothermal DSC curves of FEP with TBD catalyst concentrations of (a) 0 wt%; (b) 2 wt%; (c) 4 wt%.
(d) Linear fitting of 1/ Tp-In(8/ Tp?) for different curing systems.

To investigate the influence of T'A ring-opening poly-
merization on the properties of the FEP, experiments
were conducted with different prepolymerization ap-
proaches, yielding FEP-V1 to FEP-V3. The thermal
properties of FEP prepared with various prepolymeriza-
tion strategies were monitored. Thermogravimetric
Analysis (TGA, FIG. 1(a)) revealed that the thermal
degradation curves of FEP-V1 to FEP-V3 exhibited
similar trends, with the 5% thermal decomposition tem-
perature of all samples exceeding 200 °C, indicating
high thermal stability across the FEP series. Among
them, FEP-V2 demonstrated the highest thermal de-
composition temperature (Tq5%=243.41 °C), suggest-
ing that ring-opening polymerization of TA with the
catalyst at 140 °C resulted in superior thermal perfor-
mance. This is attributed to the formation of a more
uniform and stable PTA precursor under these condi-
tions, which subsequently leads to a more homogeneous
cross-linked network. Subsequently, Raman spec-
troscopy was performed on FEP-V2 to confirm the ring-
opening polymerization of TA in FEP. The Raman
spectrum (FIG. 1(b)) showed that the single absorp-
tion peak at 511 ¢cm™!, attributed to the S-S bond in
TA, split into two peaks at 498 and 512 cm™ ! after cur-
ing, confirming the ring-opening polymerization of TA
[11, 12]. The observed peak splitting is characteristic of

DOI: 10.1063/1674-0068 /cjcp2512180

TABLE I Characteristic curing temperatures of FEP un-
der different TBD concentrations.

TBD/wt% T,/°C  Tp/°C  Ty/°C  Eu/(kJ-mol ™)
0 68.65  102.51  169.64 54.67
2 66.26  102.30  159.04 47.16
4 64.60  102.05  135.88 46.48

the conformational change in the disulfide bond from a
constrained ring structure to a more flexible linear poly-
meric form.

B. Curing kinetics and rheology analysis

As an ester exchange catalyst, TBD significantly in-
fluences the curing kinetics of FEP. Non-isothermal
DSC provided characteristic curing temperatures—on-
set temperature (7}), peak temperature (7}), and ter-
mination temperature (7T%), at different TBD contents
(Table I), thereby determining the suitable curing tem-
perature for the system. The activation energy of the
curing reaction under varying TBD concentrations was
further calculated wusing the Kissinger equation
(FIG. 2). As shown in Table I, the activation energy E,
decreases with increasing TBD content. However, when
the TBD content rises from 2 wt% to 4 wt%, E, only
decreased by 0.68 kJ/mol, indicating that the ester ex-
change rate of the system has already reached its opti-

© 2026 Chinese Physical Society


https://doi.org/10.1063/1674-0068/cjcp2512180
https://doi.org/10.1063/1674-0068/cjcp2512180
https://doi.org/10.1063/1674-0068/cjcp2512180
https://doi.org/10.1063/1674-0068/cjcp2512180
https://doi.org/10.1063/1674-0068/cjcp2512180

X Chin. J. Chem. Phys., Vol. X, No. X

2000

—=— TBD 0wt%
—— TBD 1wit%

TBD 2wt%
v TBD 3wt%
—o— TBD 4wt%
10001 —— TBD 5wt%

N
(&)
o
o

Viscosity (cp-s)

500+

0 10 20 30
Time (min)

FIG. 3 Time-dependent viscosity during the curing pro-
cess at 70 °C.

mal level at a TBD concentration of 2 wt%. This satu-
ration effect suggests that beyond a certain concentra-
tion, additional TBD molecules do not further partici-
pate effectively in the rate-determining step of the
transesterification, possibly due to aggregation or diffu-
sion limitations within the increasingly viscous reaction
medium, which is consistent with the subsequent rheo-
logical observations.

Based on the aforementioned curing kinetics analy-
sis, the gel point temperature of FEP was determined to
be approximately 70 °C (estimated from the T} value).
Consequently, the effect of TBD concentration on the
viscosity of the FEP system was investigated at this
temperature (FIG. 3). When TBD (1-2 wt%) was intro-
duced, the viscosity of the system increased due to the
accelerated formation of thiol radicals and ester bonds.
However, upon further increasing the TBD concentra-
tion (>2 wt%), the viscosity decreased, a phenomenon
that corroborates the aforementioned analysis of cata-
lyst saturation. This can be attributed to the excessive
generation of active catalytic centers. An overabun-
dance of catalytic sites may lead to an overly rapid ini-
tial gelation, creating a heterogeneous network with lo-
calized regions of high cross-link density and others that
are under-cross-linked, ultimately reducing the overall
viscosity buildup and potentially compromising the fi-
nal network uniformity. Therefore, at a TBD concentra-
tion of 2 wt%, the curing rate of the system reached its
maximum, further corroborating the reliability of the
curing kinetics analysis.

C. Thermal and mechanical properties analysis

The cross-linked network of FEP incorporates dual
dynamic covalent bonds: disulfide bonds and ester
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bonds. As two types of dynamic covalent bonds with
distinct degrees of reversibility, the bond energy of
disulfide bonds is 251 kJ/mol, while that of the C-O
bond in the ester group is 326 kJ/mol. Modulating the
catalyst concentration affects the rate of transesterifica-
tion, thereby regulating the polymerization process and
significantly influencing the thermal and mechanical
properties of the material. The concentration of TBD
was varied within the range of 0—5 wt%. As the concen-
tration increased, both the thermal decomposition tem-
perature Tq5% and the glass transition temperature T
exhibited peak values (Tq5%4=243.41°C, Ty =48.38 °C)
(FIG. 4(a, b)). The initial increase in Tys% and Ty with
TBD up to 2 wt% was due to the formation of a more
complete and densely cross-linked network, while the
subsequent decline at higher loadings was likely a conse-
quence of network heterogeneity and the plasticizing ef-
fect of excess, unbound catalyst molecules.

As shown in FIG. 4(c), the tensile strength reached a
maximum at 2 wt% TBD (0=64 MPa), while the elon-
gation at break consistently increased with rising TBD
concentration. This trend can be attributed to the ac-
celerated transesterification rate within the polymer
network at higher TBD concentrations, which softens
the material, reduces its strength, and consequently en-
hances elongation. The continuous increase in elonga-
tion suggests that the dynamic exchange activity pro-
motes chain mobility and energy dissipation, even as
the ultimate strength is optimized at a specific catalyst
concentration. Notably, in addition to confirming the
presence of peak values in storage modulus and glass
transition temperature, FIG. 4(d) also revealed that all
FEP samples exhibit dual glass transition temperatures.
This phenomenon demonstrates a pronounced phase-
separation effect in the FEP based on dual dynamic co-
valent bonds. The lower Ty is associated with the flexi-
ble, disulfide-rich PTA domains, while the higher Ty
corresponds to the more rigid, furan-epoxy rich do-
mains. This inherent phase separation was directly visu-
alized by AFM phase and height images (FIG. 5), which
clearly reveal the biphasic morphology. In this architec-
ture, discrete soft domains were embedded in a continu-
ous rigid matrix, which was essential for balancing
toughness and stiffness. The soft regions dissipate me-
chanical energy, while the rigid percolating network
maintained dimensional stability during dynamic ex-
change. This structural synergy thus married the dy-
namic bond-exchange chemistry with a damage-toler-

© 2026 Chinese Physical Society
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FIG. 4 Thermal and mechanical properties of FEP with different TBD catalyst concentrations ranging from 1 wt% to 5
wt%. (a) TGA cures. (b) DSC curves. (c) Stress-strain curves. (d) Dynamic thermomechanical analysis (DMA) thermal
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storage modulus (G’, FIG. 4(d) upper), and tand (G”/G’, FIG. 4(d) lower).

FIG. 5 AFM image for FEP.

ant microstructure.

D. Chemical stability analysis

Through methanol swelling experiments on FEP, the
gel fraction and swelling ratio were measured to evalu-
ate the chemical stability of FEP in various solvents,
further corroborating its stability during service. As
shown in Table II, within the TBD concentration range
of 1-5 wt%, the gel fraction consistently exceeded 96%,
indicating the fully established cross-linked network of
FEP and its high stability. With increasing catalyst
concentration, the gel fraction gradually decreased,
which is attributable to the catalyst-promoted transes-

terification between the sample and methanol, leading
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TABLE II Gel content and swelling ratio of FEP in
methanol under different TBD concentrations.

TBD/wt% Gel content/% Swelling ratio/%
1 100.00 8.70
2 98.92 12.19
3 97.22 15.05
4 96.34 15.05
5 96.64 15.72

to a measurable mass loss. This side transesterification
with the solvent, though minor, confirms the dynamic
nature of the ester bonds even at room temperature
when catalyzed. Across all TBD concentrations, the
swelling ratio of FEP remained above 8% and increased
with higher TBD content, demonstrating that FEP un-

© 2026 Chinese Physical Society
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FIG. 6 Hot press rearrangement mechanisms in FEP with
2 wt% TBD.

dergoes swelling without decomposition and further
confirming its chemical stability. The increase in
swelling ratio with TBD content indicates a slight in-
crease in network mesh size or a decrease in cross-link-
ing density due to the aforementioned side reactions or
network rearrangement facilitated by the catalyst, con-
sistent with the mechanical property trends.

E. Hot pressing mechanisms

The dynamic disulfide and ester bonds in FEP are
both associative bonds that undergo thermally induced
topological rearrangement, enabling the reprocessing
and reuse of waste FEP through hot pressing. The
schematic diagram and mechanism of dynamic ex-
change for ester and disulfide bonds are shown in
FIG. 6. The results indicated that the Vitrimer net-
work first undergoes disulfide metathesis catalyzed by
TBD, accelerating polymer chain segment movement
and thereby promoting transesterification (physical ef-
fect). Additionally, disulfide bonds act as nucleophiles
to facilitate both transesterification and disulfide ex-
change (chemical effect). Meanwhile, a synergistic non-
covalent interaction exists between tertiary amines and
TBD, which further
Specifically, the hydroxyl group adjacent to the ter-

promotes transesterification.
tiary amine is more likely to exchange with intermolec-
ular ester groups rather than intramolecular ones. Due
to the electron-donating conjugation effect of the furan
rings, the adjacent ester groups are stabilized, resulting
in reduced transesterification activity. This allows the

Vitrimer network to maintain mechanical integrity dur-

DOI: 10.1063/1674-0068 /cjcp2512180

Wenyan Zhang et al.

Vitrimers Vitrimers Layer NaOH

> > .
4 : r K. L
.o K:""P< J ° %
/ -~
» Ester y Disulfide *g*®

» © %
» bond @ bond TBD

Cross-linked

NaOH network

FIG. 7 Schematic diagram of the degradation mechanism
of FEP under alkaline conditions (1 mol/L NaOH).

TABLE III The mechanical properties of FEP before and
after hot pressing.

Sample  Tensile strength/MPa  Elongation at break/%
Original 64.0 3.0

1t 62.5 3.0

gnd 61.8 2.7

ing dynamic exchange. This delicate balance— suffi-
cient activity for network reshuffling under processing
conditions yet adequate stability under service condi-
tions—is the hallmark of a well-designed Vitrimer. Ulti-
mately, under processing conditions of 180 °C and
20 MPa, fragmented FEP material was fully restored
within 1 h. The hot-pressed samples exhibited excellent
recovery of mechanical properties, retaining over 95% of
the original tensile strength and more than 90% of the
elongation at break (Table IIT).

F. Chemical degradation mechanism

Closed-loop recyclability is a critical factor in the de-
velopment of sustainable materials. Under mild alka-
line conditions (25°C, 1 mol/L NaOH), FEP achieves
complete degradation within only 4 h (FIG. 7). This be-
havior originates from the dynamic nature of the disul-
fide and ester bonds: base-mediated nucleophilic cleav-
age of the disulfide bonds generates two deprotonated
thiol species. Simultaneously, the ester bonds undergo
irreversible saponification under alkaline conditions,
yielding carboxylate anions and polyols, ultimately
forming a homogeneous solution free of ester-bond
residues after the reaction is complete. Specifically, the
degradation mechanism involved: i) nucleophilic attack
by OH™ on the carbonyl carbon, leading to the forma-
tion of a tetrahedral oxyanion intermediate; ii) collapse
of the unstable intermediate, with the alkoxy group
(-R'O-) departing as a leaving group, producing car-
boxylate anions (RCOO™) and polyols (R'OH). Quanti-

© 2026 Chinese Physical Society
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TABLE IV Chemical degradation recovery products and
recovery rate.

Raw material Recovered product Recovery rate/%

Thioctic acid Thioctic acid 70
Bifunctional epoxide Polyols 55
Tetrafunctional epoxide Polyols 55

tatively, this process achieved a high mass recovery rate
of 70% to the monomer TA and 55% to polyols (Table
Iv).

IV. CONCLUSION

In this study, a fully bio-based epoxy Vitrimer FEP
featuring a dual-dynamic covalent network was success-
fully developed. The concentration of the TBD catalyst
was identified as a critical factor governing its compre-
hensive properties. The key findings, categorized by the
effect of TBD concentration on specific performance
metrics, are summarized as follows:

(1) Curing kinetics: TBD effectively catalyzed the cur-
ing process by lowering the activation energy. The opti-
mal efficiency was achieved at a concentration of 2
wt%, which corresponded to the lowest apparent acti-
vation energy (FE, = 47.2 kJ/mol). Both lower and high-
er concentrations resulted in slower effective curing
rates.

(2) Thermal properties: The glass transition tempera-
ture (7y) was significantly influenced by the catalyst
concentration. It reached a maximum of approximately
50 °C at 2 wt% TBD, indicating an optimal cross-link-
ing density and network stability. Deviations from this
concentration led to a lower Tg.

(3) Mechanical properties: The tensile strength and
toughness balance was highly dependent on TBD con-
tent. The tensile strength (64 MPa) was achieved at 2
wt%, while the elongation at break generally increased
with higher catalyst concentrations, demonstrating a
tunable strength-toughness profile.

(4) Recycling performance: The rate of dynamic bond
exchange, which governs stress relaxation and repro-
cessability, was directly accelerated by TBD. At the op-
timized 2 wt% concentration, FEP demonstrated excel-
lent thermal reprocessability (fully reshaped within 1 h
at 180 °C) and complete chemical degradability in mild
alkali (1 mol/L NaOH) within 6 h at 25 °C.

In summary, precise tuning of the TBD catalyst con-
centration to 2 wt% enabled the creation of a sustain-
able epoxy Vitrimer that successfully integrates robust
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mechanical properties, thermal stability, and versatile
closed-loop recyclability. This work provides a funda-
mental understanding of catalyst dosage effects in dual-
dynamic network Vitrimers and presents a practical,
high-performance material platform capable of address-
ing the end-of-life challenges of thermoset composites in
critical applications like wind energy. Future research
will focus on evaluating the long-term stability of this
material under simulated service environments, as well
as studying the processing and properties of its compos-
ites with fiber reinforcements as a matrix resin, to pro-

mote its practical application.
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