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Epoxy thermoset materials are widely used in the field of electrical engineering, including gas-insulated
enclosed switches and drytype transformers. It is a challenge to degrade and recycle traditional epoxy
thermosets, which can lead to serious resource wastage and solid waste pollution. Previously reported
strategies have often required harsh chemical conditions or complex chemical syntheses, which cannot
effectively recycle and degrade the large amount of existing anhydride-cured epoxy thermoset waste
used in electrical engineering. Herein, we propose an efficient and economical degradation strategy for
epoxy thermosets based on a commercial transesterification catalyst (1,8-diazabicyclo[5.4.0]lundec-7-
ene, DBU). DBU is much cheaper than the widely reported transesterification catalyst in the field of
degrading and recycling epoxy thermosets (1,5,7-triazabicyclo[4.4.0]dec-5-ene, TBD). We demonstrated
that an anhydride-cured epoxy thermoset could be completely depolymerized in DBU-ethylene glycol
solution below 140 °C in 2 h (or 120 °C in 3 h). Our study offers an effective method to recycle anhy-
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1. Introduction

Epoxy thermosets are widely used in daily life and industrial
fields (e.g., electrical engineering, wind-power generation,
aerospace and transportation) owing to their outstanding pro-
perties (e.g., adhesion, insulation, and chemical resistance).">
In the field of electrical engineering, epoxy thermoset
materials are widely used as gas-insulated enclosed switches
and dry-type transformers. Epoxy thermosets widely used in
electrical engineering are epoxy-anhydride resins, and exhibit
outstanding mechanical performance and a high glass tran-
sition temperature.”> However, it is a challenge to degrade and
recycle the wastes of these epoxy thermosets, which can lead
to severe resource wastage and solid waste pollution.

In fact, degrading and recycling epoxy thermoset has always
been a research “hotpot”. In 2011, Leibler et al. were the first
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dride-cured epoxy thermoset wastes.

to report an epoxy dynamic crosslinked network based on
transesterification, and named the dynamic -crosslinked
network as a “vitrimer”.*>* Since then, epoxy-based vitrimers
containing different dynamic bonds have been widely
reported, including the ester bond,”® disulfide bond,’™°
imine bond,*** silyl ether equilibration,>*** boronic ester
bond,*® and the Diels-Alder reaction.>’*' The exchange of
dynamic bonds in epoxy-based vitrimers is usually reliant on
catalysts, whereas no transesterification catalyst exists in epoxy
thermosets of electrical equipment wastes and, thus, they
cannot be reprocessed or reshaped. Researchers have also
designed degradable and recyclable hyperbranched epoxy
resins enabled by reversible moieties, which can be digested at
90 °C in 2 h.** However, the synthesis of hyperbranched epoxy
resins is complex, and scaling up for mass production is chal-
lenging. In 2023, Ahrens et al. proposed a transition-metal-
catalyzed approach for recovery of block bisphenol A and fiber
in epoxy composites.** However, the yield of degradation pro-
ducts is not satisfying and, thus, it is not suitable for the re-
cycling and degradation of epoxy thermosets. In 2024, Barta
et al. fabricated a recyclable epoxy-amine thermoset, which
could be degraded by methanolysis at 70 °C.>* Epoxy thermo-
sets in electrical engineering are mostly anhydride-cured epoxy
resins. Thus, the epoxy-amine thermoset is not suitable in the
field of electrical engineering. In recent years, biomass-derived
epoxy thermosets have garnered attention, but their appli-

This journal is © The Royal Society of Chemistry 2024
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cation in electrical engineering is rare because they cannot
address the challenge of recycling and degradation of epoxy
thermosets wastes.***>™*

Although several strategies have been proposed to recycle
epoxy thermosets, an effective approach to degrade and reuse
epoxy thermoset wastes of electrical equipment is lacking.
Many ester bonds are present in epoxy resins, so degrading
ester bonds in the robust epoxy network is important. The
commonly used degradation strategy of epoxy thermosets is
based on alcoholysis: the transesterification reaction between
alcohol and ester bonds in the epoxy network enables the
chemical degradation of epoxy resins. Under supercritical
methanol, carbon fiber-reinforced epoxy resin composites can
be degraded efficiently, but harsh degradation conditions
(270 °C, 8 MPa) are required, resulting in enormous energy
consumption.**** In recent years, ethylene glycol has also
been utilized to degrade epoxy resins. At 180 °C, ethylene
glycol can effectively degrade epoxy resins containing transes-
terification catalysts such as 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD).**** However, the ethylene glycol-based degradation
method for epoxy thermosets usually requires a relatively high
temperature (~180 °C). Besides, TBD is an expensive transes-
terification catalyst, which increases the cost of degrading
epoxy thermoset wastes. Thus, there is an urgent need to
degrade epoxy thermoset wastes using an efficient and econ-
omical method (Fig. 1).

We propose an efficient and economical degradation strat-
egy for epoxy thermoset wastes based on a commercial low-
cost transesterification catalyst (1,8-diazabicyclo[5.4.0Jundec-7-
ene, DBU). Compared with TBD, DBU is much more cost-
effective. In previous works, DBU has usually been employed
as an accelerator in the polymerization of epoxy resins, but not
used as a transesterification catalyst in the degradation of
epoxy thermoset.>>>* Herein, we utilized DBU as an efficient
and economical catalyst to depolymerize epoxy resins, which
has not been reported previously. We found that the content of
DBU and the degradation temperature could influence the
degradation rate. Specifically, an epoxy thermoset could be
completely depolymerized in DBU-ethylene glycol solution
below 140 °C in 2 h (or 120 °C in 3 h). By precipitation in
water, the degradation product (DGEBA derivative tetra-
alcohol) could be recycled simply.
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2. Experimental

Materials

Bisphenol A diglycidyl ether (DGEBA, Energy Chemical, 85%),
methyl tetrahydrophthalic anhydride (MeTHPA, Macklin, 95%),
benzyl-N,N-dimethylamine (BDMA, J&K Scientific, 99%), 1,8-dia-
zabicyclo[5.4.0Jundec-7-ene, (DBU, Bidepharm, 99.62%), ethylene
glycol (EG, Energy Chemical, 99%) epoxy composite (resin-
impregnated paper bushing, Xian XD High Voltage Bushing) were
used directly without further purification.

Preparation of anhydride-cured epoxy thermoset

First, 4.004 g (10 mmol) of DGEBA, 3.498 g (20 mmol) of
MeTHPA, and 75.03 mg of BDMA were stirred homogenously
at 60 °C for 30 min. The mixture was transfered into a polydi-
methylsiloxane (PDMS) mold and cured at 140 °C for 12 h for
full polymerization (Fig. 2).

General characterization

Differential scanning calorimetry (DSC) experiments were con-
ducted on a Q2000 system (TA Instruments) with a scanning
rate of 10 °C min~" from —20 to 150 °C. 'H NMR spectroscopy
was done using a JNM-ECA400 (400 MHz) spectrometer (JEOL,
Tokyo, Japan) in CDCl;. "H NMR (400 MHz, methanol-d,) &
7.15-7.05 (m, 5H), 6.87-6.77 (m, 5H), 4.81 (d, J = 5.0 Hz, 7H),
4.55 (s, 1H), 4.23 (s, 1H), 4.14-4.01 (m, 1H), 4.00 (s, 2H), 3.93
(pt,J = 5.3, 3.1 Hz, 2H), 3.65 (dt, J = 9.0, 4.5 Hz, 1H), 3.61 (s,
1H), 3.33-3.26 (m, 2H), 1.63-1.55 (m, 7H), 1.29 (s, 1H).

3. Results and discussion

Degradation properties of epoxy thermosets with different
content of DBU

The content of DBU could obviously influence the degradation
rate of epoxy thermosets, and we found that epoxy thermosets
could be degraded more quickly as the temperature increased.

AT COA - 1

DGEBA MeTHPA®

epoxy thermoset ] ......................................

1 g epoxy thermoset — 5.3311 mmol ester bond

O Crucial degradation conditional

O Expensive transesterification »
i catalyst (TBD) ;

O Complex synthesis

epoxy thermoset

ethylene
glycol

v efficient v 140°Cin2h
v' economical v 120°Cin3 h

Fig. 1 Comparison between previously reported studies and this work
(schematic).
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Fig. 2 Chemical structure of reactants, catalysts, and recycled com-
ponent of degradation products (schematic).
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Herein, to control the different content of DBU, we chose
different mole ratios between DBU and ester bonds. As the
epoxy thermosets were cured by 4.004 g (10 mmol) of DGEBA
and 3.498 g (20 mmol) of MeTHPA, the total mass of epoxy
thermosets was 7.503 g, and the total mole number of the
ester bond was 40 mmol. Thus, 1 g of epoxy thermosets con-
tained 5.331 mmol of ester bonds. The mole ratio between EG
and ester bonds was 10 : 1, while the mole ratios between DBU
and ester bonds was 0:1, 0.1:1, 0.3:1, and 0.5:1.
Accordingly, we named the experimental groups at different
content of DBU as group 0-1, group 0.1-1, group 0.3-1, and
group 0.5-1, respectively. The degradation temperature was
controlled at 120 °C.

Usually, DBU is employed as an accelerator in the polymer-
ization of epoxy resins, and its content is relatively low. In this
work we found that, as the content of DBU increased, it could
act as an effective catalyst and efficiently degrade epoxy ther-
mosets. Without DBU as the transesterification catalyst, the
epoxy thermoset could barely be degraded (Fig. 3). Meanwhile,
its weight increased slightly because it would swell at the EG
solution. As the DBU/ester bond mole ratios increased, the
epoxy thermoset degraded in DBU/EG solution more rapidly.
In particular, the epoxy thermoset was totally dissolved in
DBU/EG solution within 3 h as the DBU/ester bond mole ratio
increased to 0.5 : 1.

We postulated a mechanism of degradation of epoxy resin
catalyzed by DBU/EG solution (Fig. S1t). Owing to the hydro-
gen-bonding activation of DBU, the transesterification between
EG and ester could be catalyzed.>® As a result, epoxy resin
could be effectively degraded by DBU/EG solution.

Degradation properties of epoxy thermosets at different
temperatures

The degradation rate of epoxy thermosets increased as the
degradation temperature increased, and they could be totally
depolymerized at 140 °C for 2 h. As aforementioned, epoxy
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—®— group 0.1-1
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\. —A— group 0.3-1
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0.6 4 \
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Fig. 3 Normalized residual mass of epoxy in DBU/EG solution with
different DBU/ester bond mole ratios as a function of time at 120 °C.
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thermosets could be efficiently dissolved in DBU/EG solution
at 120 °C when the mole ratio between DBU and ester bonds
was 0.5:1. Thus, we kept the DBU/ester bond mole ratio as
0.5:1 and investigated the influence of temperature on the
degradation rate of epoxy thermosets.

The glass transition temperature (Ty) is a vital thermal prop-
erty of polymers. DSC indicated that T, of the epoxy thermoset
was ~103 °C (Fig. 4). At temperatures lower than the T, the
chain segments of epoxy crosslinked networks are almost
“frozen” and can hardly move. Accordingly, it would be
difficult to degrade an epoxy thermoset at a temperature lower
than its T,. As the degradation temperature increases, EG
would be more likely to enter the interior of an epoxy cross-
linked network, thereby accelerating the degradation of epoxy
thermosets. In addition, the rate of transesterification could
increase at a higher temperature.

At a temperature lower than the T, of epoxy thermosets
(80 °C and 100 °C), the epoxy thermosets were dissolved at a
much lower degradation rate and they could be hardly dis-
solved at 80 °C (Fig. 5). When the degradation temperature was
higher than the T, (120 °C and 140 °C), the epoxy thermosets
were quickly degraded in 3 h. Notably, they were dissolved at
140 °C in <2 h, indicating that an increased temperature could
effectively promote the degradation performance of epoxy
thermosets.

Recycling of depolymerized products

We further recycled the depolymerized epoxy products (mainly
the DGEBA derivative tetra-alcohol). According to previous
reports, the DGEBA derivative tetra-alcohol is not, but the
anhydride derivative diester is, soluble in water.*>*® Thus, we
could separate the recycled products in dissolution solution by
precipitation in water (Fig. 6). After precipitation in water, the
mixture became a suspension. By centrifugation, the DGEBA
derivative tetra-alcohol could be precipitated. After drying at
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Fig. 4 DSC curve of an epoxy thermoset.
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Fig. 5 Normalized residual mass of epoxy in DBU/EG solution at
different temperatures as a function of time at 120 °C.
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Fig. 6 Separation of DGEBA derivative tetra-alcohol.

100 °C for 12 h, the yield of DGEBA derivative tetra-alcohol was
calculated to be ~62%.

The chemical structure of the DGEBA derivative tetra-
alcohol was analysed by NMR spectroscopy. Fig. 7 demon-
strated that the calculated hydrogen ratio between BA (bisphe-
nol A) and GI (glycidyl) was consistent with the structure of
the DGEBA derivative tetra-alcohol, indicating that the DGEBA
derivative tetra-alcohol could be recycled by simple precipi-
tation in water. Moreover, a signal of anhydride (HP) lin-
kages®® was not detected, nor were the signals of EG, BDMA or
DBU (Fig. S2, S3 and S$47), thereby demonstrating that the
DGEBA derivative tetra-alcohol could also be purified by pre-
cipitation in water.

Degradation of commercial epoxy composites

Commercially available epoxy resin cured materials were also
degraded using the method stated above. Resin-impregnated
paper bushing is a key component to maintain the safe oper-
ation of dc transmission lines.®” Resin-impregnated paper
bushing is mainly composed of epoxy resin and impregnated
paper. Herein, we investigated whether the DBU/EG solution
could degrade the epoxy composite efficiently.

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 'H NMR spectrum of recycled DGEBA (BA: bisphenol A; GI:
glycidyl).

Results indicated that that epoxy resin of the resin-impreg-
nated paper bushing could be almost degraded in DBU/EG
solution at 140 °C in ~3 h (Fig. 8). The other insoluble com-
ponents of the epoxy composites remained, indicating that
this strategy could be applied to separate and recycle epoxy
resin of commercial epoxy composites, as well as other non-
resin components.

(a)

(b)
1.0 —=

_ Epoxy
composite

0 T T
2
Time (h)

Fig. 8 (a) Commercial epoxy composite sample before and after degra-
dation. (i) Complete epoxy composite sample before degradation. (ii)
Epoxy composite sample in pieces; (iii) epoxy composite sample after
degradation. (b) Normalized residual mass of epoxy composite in DBU/
EG solution as a function of time at 140 °C.
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4. Conclusions

The degradation and recycling of epoxy thermosets have been
a great challenge in the field of polymer study. Even though
many studies have been reported, some problems remain. For
example, epoxy-based vitrimers can be recycled and repro-
cessed by hot-pressing, but transesterification catalysts (zinc
acetate or TBD) are required, which do not exist in current
epoxy thermoset wastes in the field of electrical engineering.
Besides, many reported recyclable epoxy thermosets are
amine-cured epoxy thermosets, while epoxy thermosets in elec-
trical engineering are usually cured based on anhydrides.
Moreover, crucial degradation conditions, an expensive trans-
esterification catalyst, and complex synthesis are required for
effective degradation, which increases the cost of recycling
epoxy thermosets. Thus, it is vital to develop an efficient and
economical degradation strategy.

In this work, we proposed an efficient and economical
degradation strategy based on DBU. By controlling the content
of DBU and the degradation temperature, epoxy thermosets
could be effectively dissolved in DBU/EG solution at 140 °C in
<2 h (or at 120 °C in <3 h). The degradation product (DGEBA
derivative tetra-alcohol) could be simply recycled by precipi-
tation in water, which might be re-cured with DGEBA as the
recycled epoxy resin or upcycled as polyurethane by reacting
with isocyanate.>®

However, to realize the closed-loop recycling of an anhy-
dride-cured epoxy resin, two main problems must be resolved.
First, DBU in the water/EG solution should also be recycled,
which might be separated by a basic ion-exchange resin.”®
Second, the MeTHPA derivative di-alcohol should also be
reused. One possible solution to upcycle the MeTHPA deriva-
tive di-alcohol is reacting it with isocyanate to produce
polyurethane.®

Herein, an anhydride-cured epoxy resin demonstrated an
effective approach to degrade an epoxy resin in the field of
electrical engineering. This strategy is applicable to other
epoxy resin systems, and provides a general approach to re-
cycling epoxy resin wastes.
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