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Environmental economics is accelerating the urgency to develop recycling technologies for the ever-
growing quantity of discarded thermoset polymers. Herein, we developed a mild and energy-saving pro-
cess for high-efficiency degradation and reuse of anhydride-cured epoxy thermoset with the aid of hy-
drazine hydrate. The degradation degree of the epoxy resin reached 99.6% at 120°C within a short time
of 60 min. During the reaction, the ester bonds in the cross-linked network were selectively cleaved by
the amination of hydrazine hydrate, and the epoxy resin was fully converted to new monomers that con-
tained hydrazide and hydroxyl groups, respectively. Moreover, the degradation mechanism of the epoxy
resin in hydrazine hydrate was studied and a nucleation model was utilized to predict the actual degra-
dation behavior of the system. Finally, the degradation products can be directly mixed with epoxy precur-
sor to prepare a new waterborne epoxy coating with good comprehensive properties. This work not only
demonstrates a new way to realize the efficient degradation of epoxy resins, but also provides a facile
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and efficient recycling protocol for thermosets.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The production of plastics has rapidly increased in past decades.
Today, plastics exist in an infinite number of products and applica-
tions. About 380 million tons of plastics are produced around the
world every year, of which about 67.5% are still processed by in-
cineration and landfill [1,2]. This causes severe resource waste and
environmental pollution [3]. In order to address the issues, vari-
ous recycling methods have been proposed such as mechanical [4],
thermal [5-9], biological [10,11], light [12] and chemical recovery
[13,14]. However, the mechanical pulverization method has limited
scope of application due to simple and inefficient recycling. The
thermal recovery method releases a large amount of toxic gasses
and seriously pollutes the environment; in addition, due to hid-
den energy in the waste plastics, direct incineration causes waste
of a large amount of resources. The biological and light recovery
are generally not a viable option due to their slow kinetics. To sum
up, chemical recycling is generally preferable over thermal and me-
chanical recycling because useful chemicals can be obtained from
the wastes in view of environmental protection and sustainable de-
velopment. As a high-performance material with a wide range of
applications, thermosets have an irreplaceable role in the industry.
However, compared with the processability of thermoplastics, ther-
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mosets cannot be remelted and reformed after heating and mold-
ing. So, they have long been regarded as unrecyclable plastics [15].

Epoxy thermosets are among the most versatile thermosets and
widely used as high-performance composite materials, electronic
boards, adhesives, and coatings due to their excellent mechanical
properties and chemical resistance imparted by chemical crosslink-
ing [16,17]. With the increasing demand of epoxy thermosets, their
recycling into useful chemicals has been paid more attention. In
some early studies, corrosive acid [18,19] or alkali [20,21] catalyst
system, strong oxidizing chemicals [22,23] was used to realize the
rapid degradation of epoxy resin at lower degradation temperature.
In that case, it is hard to utilize the degraded resins with complex
components due to harsh reaction conditions. After decades of ex-
ploration, supercritical degradation is found to be a good method
to achieve good degradation efficiency [24,25]. However, the pro-
cess requires extremely high pressure (10-30MPa) and tempera-
tures (300-500°C) to bring the fluid to a supercritical state and
is therefore energy intensive. Some catalytic degradation systems,
including zinc acetylacetonate/2-ethyl-hexanol [26], TBD/ethylene
glycol [27], ZnCl,/acetic acid [28], zinc acetylacetonate/ethylene
glycol [29], etc. [30], are reported but a high temperature of more
than 150°C is still required. More importantly, the catalytic degra-
dation systems need to add different catalysts and solvents to the
system in order to degrade epoxy more efficiently, which com-
plicates the composition of the degradation products and make
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them difficult to separate and recycle. And in some cases, even a
post-treatment process, such as an additional hydrolysis process, is
needed to realize the reuse of degradation products [14]. Very re-
cently, Zhao [31] reported a fast and mild closed-loop recycling of
anhydride-cured epoxy by diethylenetriamine (DETA), which solves
the problems of harsh degradation conditions and complex sepa-
ration of catalysts in the degradation system. However, some prob-
lems still remained, for example, energy-intensive microwave heat-
ing is needed to speed up the degradation, otherwise, the degra-
dation efficiency will be relatively low.

Herein, we develop a mild, efficient and energy-saving process
for degrading anhydride-cured epoxy resins with the aid of hy-
drazine hydrate. In this system, hydrazine hydrate is chosen as a
multifunctional reagent to play the role of a solvent and a reactant
during the degradation process. The final degradation product is
composed of only two kinds of monomers due to the high degra-
dation activity of hydrazine hydrate and can be directly mixed with
epoxy precursor to prepare a new waterborne epoxy coating with-
out the addition of new curing agents. Moreover, the synergistic ef-
fect of bulk erosion and surface erosion in the process of degrada-
tion is confirmed through study of the degradation mechanism and
a kinetic model to predict the actual degradation behavior is estab-
lished. In the work, a 99.6% degradation ratio is achieved at 120°C
within 60 min. The degradation efficiency is the highest compared
with other degradation systems of epoxy resin with similar glass
transition temperature (Tg) that had been summarized herein. This
work not only demonstrates a facile and efficient strategy for re-
cycling epoxy thermoset but also facilitates the concept of circular
economy.

The whole degradation process of MeTHPA-cured epoxy
resin (MER) in the hydrazine hydrate system is proposed in
Scheme 1. According to previous reports [31], MER was pretreated
with dichloromethane (DCM) before degradation as DCM had sol-
ubility parameters similar to MER. MER gradually broke into small
pieces and only physical changes happened during the immersion
process. The decrease of Ty (Fig. S1 in Supporting information) and
the constant chemical structure (Fig. S2 in Supporting information)
of MER after DCM pretreatment confirmed the above description.
DCM pretreatment made it easier for hydrazine hydrate to enter
the cross-linking network of MER, which is beneficial to improve
the degradation efficiency.

Hydrazine hydrate acted as a reactant and solvent in the degra-
dation system for its high reaction activity and liquid state, which
made the degradation process simple and efficient. In order to op-
timize the degradation conditions, the effects of the degradation
temperature, degradation time and ratio of DCM-treated MER (D-
MER) to hydrazine hydrate (w/w) were explored on the degrada-
tion reaction respectively. The degradation degree was increased
rapidly from 4.5% to 99.6% as the temperature increased from
90°C to 120°C (Fig. 1a). The temperature of 120°C was relatively
lower than that in the case of the DETA catalytic system [31], even
without using microwave-assisted heating. This suggested that our
degradation system enables complete degradation of the resins
under milder conditions. The degradation degree was increased
with the extension of degradation time, and it could reach com-
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Fig. 1. Effects of (a) reaction temperature, (b) reaction time, (c) ratio of D-MER to
hydrazine hydrate (w/w) against the degradation degree. (d) Comparison of degra-
dation efficiency with previous reports.

plete degradation within 60 min (Fig. 1b). It should be noted that
the degradation degree was decreased sharply when the weight
ratio of D-MER to hydrazine hydrate was more than 2:10 (Fig.
1c), which can be attributed to the incomplete immersion of the
D-MER in hydrazine hydrate. Compared with other degradation
systems of epoxy resin with similar Ty that had been reported
(Fig. 1d) [13,14,18,19,23-25,28,32-38], hydrazine hydrate degrada-
tion system had highest degradation efficiency under relatively low
degradation temperature condition. The merits can be mainly as-
cribed to DCM pretreatment and the high aminolysis activity of
hydrazine hydrate.

In order to further study the degradation mechanism, the
degradation products of MER-hydrazine hydrate system were iden-
tified by FTIR firstly (Fig. 2a). After degradation, the C-O-C peaks
attributed to ether groups at 1236 cm~! and 1177 cm~! were still
present, which indicated that the main chain skeleton of the MER
was not broken. However, the C=0 peak attributed to ester groups
at 1733 cm~! disappeared after degradation, indicating that the es-
ter bonds of D-MER were all cleaved off during degradation pro-
cess. In addition, the FT-IR spectrum of the degraded products
(DEP) arose a strong and sharp amide peak at 1642 cm~!, and
the amine (primary and secondary) peaks appeared at 3293 cm™!,
3182 cm~!, 1612 cm~! and 1531 cm™!, indicating that the ester
bond was aminated into hydrazide groups. Besides, the hydroxyl
peaks at 1095 cm~! and 1051 cm~! were markedly enhanced, in-
dicating that the degradation products containing hydroxyl groups
were also formed after the ester bonds were cleaved off.

For the degradation system containing water, hydrolysis of es-
ter bonds during the degradation is an inevitable problem. which
complicates the composition of the degradation products and
makes them difficult to recycle. However, for hydrazine hydrate
degradation system, there were no carboxyl peaks observed in the
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Scheme 1. Degradation process of MER in the hydrazine hydrate system.



B. Liu, Q. Cao, J. Li et al.

Chinese Chemical Letters 34 (2023) 108465

(a) (b) (€) [N1s
3
s s
£ 2 2
8 g 8 DEP
© H £ £
[ '
v(N-H) 1 AN
-CONH-""3(N-H) -OH
4000 3500 3000 2500 2000 1500 1000 500 408 404 400 396 408 404 400 396
Wavenumber (cm‘1) Binding energy (eV) Binding energy (eV)
(d) ———— . P —
i é"zﬂ : i o 2
! ag " _c 2 YanY, iester bonds; H,r'}N NH,
| O o | cleavage |
e : 1 HO
1 lNzH, i i §_/° O O \_i
L e OO | AR
MER DEP
o
S HN-NH, _ (OO @ wo-tw

Fig. 2. (a) FTIR spectra of D-MER and DEP. N 1s XPS spectra of (b) D-MER and (c) DEP. (d) Chemical structure and amination process of MER.

spectrum of DEP, which suggested that only the amination reac-
tion happened without hydrolysis in our reaction system. This is
mainly ascribed to the higher reaction activity between hydrazine
and ester bonds and the excessive amount of hydrazine added in
the degradation system. The above results show that only the es-
ter bonds are cleaved by the hydrazine hydrate catalytic system,
and the new hydrazide and the hydroxyl groups in the products
are ascribed to the amination of the ester bonds.

The above conclusions were further confirmed by XPS analysis
(Figs. 2b and c). Compared to D-MER, the N 1s signal at 399.5eV of
DEP increased obviously and the nitrogen content increased from
4.4% to 23.6% (Figs. S3a and b in Supporting information), demon-
strating that hydrazine hydrate degraded D-MER successfully and
nitrogen element was introduced into the main chain structure.
The specific types of nitrogen element were further analyzed as
shown in Figs. 2b and c. There were two new peaks at the binding
energy 400.5eV and 399.2 eV appeared in Fig. 2¢ but absent in Fig.
2b, which were assigned to nitrogen of primary amine and amide
of DEP [39,40], respectively. It suggested that degradation products
containing hydrazide bonds were formed during the degradation,
which was consistent with the results of FT-IR.

Moreover, the mass spectra of DEP indicated that the degrada-
tion products were only composed of two monomers rather than
oligomers (Fig. S4 in Supporting information), which was benefit to
the recycling of the products. The NMR spectra of separated DEP
also proved the above conclusion (Fig. S5 in Supporting informa-
tion).

According to the above analysis, the degradation mechanism
of D-MER is proposed as shown in Fig. 2d, the ester bonds are
cleaved into hydrazide and hydroxyl groups under the amination
of hydrazine hydrate. The highlight of this degradation system is
to greatly improve mass transfer, activity and selectivity of degra-
dation reaction by DCM pretreatment and hydrazine hydrate, mak-
ing it more efficient and energy-saving for the degradation of
anhydride-cured epoxy.

In order to find out the reason for the efficient degradation of
D-MER by hydrazine hydrate under mild conditions, we studied
the degradation behavior of D-MER in hydrazine hydrate and es-
tablished a kinetic model.

The degradation behavior of D-MER was characterized by plac-
ing the samples in hydrazine hydrate at 120°C and monitoring
their mass as a function of exposure time (Fig. S6 in Supporting in-
formation). Initially, D-MER exhibited a delay period during which

mass loss did not commence after immersion in hydrazine hydrate.
After this delay, mass loss occurred dramatically, then D-MER ex-
hibited deceleration during the final stages of the degradation pro-
cess. The degradation profile in hydrazine hydrate is thus consis-
tent with a sigmoidal curve. This trend corresponds well with lit-
erature in which bulk erosion occurs [41]. During bulk erosion,
aminolysis occurs throughout the entire specimen simultaneously
and it takes some time for the solution to immerse into the poly-
mer matrix, after which the polymer matrix degrades rapidly.

Few studies have examined models to predict the degrada-
tion behavior of cross-linked thermoset polymers. In our study,
we evaluated solid-state kinetic models for predicting degradation
behavior of D-MER in hydrazine hydrate. The mass remaining as
a function of exposure time in hydrazine hydrate was consistent
with a sigmoidal curve for D-MER (Fig. S6). We considered the
use of various solid-state reaction models: reaction order mod-
els, diffusion-based models, nucleation-based models, and the con-
tracting volume model, only the nucleation model was able to cap-
ture the sigmoidal behavior observed in Fig. S6, while other mod-
els provided a worse fit to the data (Fig. S7 and Table S2 in Sup-
porting information). Therefore, we will focus our discussion on
the application of the nucleation model to the degradation data
(Supporting information).

The nucleation model captured the observed sigmoidal mass
loss trend with three stages: (1) An initial time period of little
mass loss as it takes time for hydrazine hydrate to penetrate into
the matrix and prepare for forming nuclei of the new phase; (2) a
time period of rapid mass loss (the nuclei of the new phase keep
growing and consuming the old phase); (3) deceleration at the
latest stages of degradation (only little remaining of the original
phase) (Scheme 2). The above process is an appropriate descrip-
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Scheme 2. Erosion mechanism of D-MER in the hydrazine hydrate system.
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Fig. 3. TEM images of solid epoxy resin residue (ERR) after soaking in hydrazine
hydrate at 120°C for (a) O min, (b) 10 min, (c) 20 min, (d) 30 min, (e) 40 min and (f)
50 min.

Fig. 4. SEM images of ERR after soaking in hydrazine hydrate at 120°C for (a) 0 min,
(b) 10 min, (c) 20 min, (d) 30 min, (e) 40 min and (f) 50 min.

tion of the bulk erosion process of D-MER in hydrazine hydrate by
the nucleation model.

TEM was used to further confirm the bulk erosion mechanism
of D-MER in hydrazine hydrate (Fig. 3). The neat D-MER had ho-
mogeneous and flat surface (Fig. 3a). As the degradation time in-
creased, hydrazine hydrate eroded the outer surface of D-MER and
gradually diffused into the interior of D-MER (Fig. 3b), with the
progress of the degradation process, the interior of D-MER was
eroded by hydrazine hydrate to form a pore structure (Fig. 3c), and
hydrazine hydrate continued to erode outward taking the formed
pores as the nuclei and broke down D-MER into smaller pieces
(Fig. 3d), which was an indication of bulk erosion. Finally, D-MER
was degraded from a solid into an oily substance (Figs. 3e and
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f). TEM analysis also confirmed that the degradation process com-
pletely followed the description of the nucleation model.

We noted that the mass loss rate was under-predicted at early
times by the model in Fig. S6, which may be due to the presence
of surface erosion, i.e., cleavage of ester groups at the surface when
the epoxy resin was immersed into the solvent. SEM was used to
further confirm that in addition to bulk erosion, surface erosion
also played a role in the degradation of D-MER by hydrazine hy-
drate (Fig. 4). The neat D-MER had homogeneous and flat surfaces
(Fig. 4a). As the degradation process progressed, the surface of D-
MER became uneven due to the erosion of hydrazine hydrate (Fig.
4b). After 20 min in hydrazine hydrate, D-MER exhibited various-
sized crevices in the surface (Fig. 4c). As the degradation time in-
creased, the crevices on D-MER grew (Figs. 4d-f), an indication of
surface erosion. The crevices on the surface of D-MER likely pro-
vided pathways for more regions of the sample to be exposed to
hydrazine hydrate.

According to the above analysis, the synergistic effect of bulk
erosion and surface erosion in the process of degradation real-
izes the efficient degradation of D-MER by hydrazine hydrate un-
der mild conditions. The erosion mechanism provides a new way
to realize the efficient degradation of other anhydride cured epoxy
resins under mild conditions.

As DEP is soluble in water and contains many hydrazide and
hydroxyl groups, it can be used as an epoxy curing agent in the
field of waterborne epoxy coatings. In some recent reports, degra-
dation products were reused as a reactive component to react with
epoxy precursor along with additional curing agents [14]. In con-
trast, in our work, DEP can be directly mixed with epoxy precursor
to obtain a new waterborne epoxy coating without the addition of
other curing agents.

As shown in Fig. 5a, different amounts of DEP and waterborne
epoxy precursor BS-2061 were mixed to prepare waterborne epoxy
coatings (WEC). DSC and TGA were used to investigate the thermal
stability of the resultant WEC. And the pencil hardness, adhesion
and flexibility of WECs were tested. The relevant data are summa-
rized in Table 1. With the increasing of the amount of DEP, the ad-
hesion of WEC measured by cross hatch test kept at the same level,
while the pencil hardness and flexibility decreased. However, the
pencil hardness, adhesion and flexibility of WEC still maintained a
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Fig. 5. (a) Preparation process of waterborne epoxy coatings, (b) DSC curves and (c) TGA curves of the new waterborne epoxy coatings with different contents of DEP.
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Table 1
T,, pencil hardness, adhesion, flexibility and thermal stability of the WEC with dif-
ferent contents of DEP.

Samples Ty (°C) Pencil hardness Adhesion Flexibility (mm) Tysy? (°C)
WEC(0.25/10) 117.9 2H Level 1 5 3232
WEC(0.375/10) 1159 3H Level 1 5 311.6
WEC(0.5/10)  114.2 3H Level 1 5 298.9
WEC(0.625/10) 113.4 4H Level 1 75 287.9

2 The 5% weight loss temperature from TGA curves.

high level (4H, level 1, 7.5mm) in the sample of WEC (0.625/10)
where the weight ratio of DEP to BS-2061 reached 6.25%. Good
thermal stability was also observed since the initial decomposition
temperature (Tysy) and Ty of WEC was above 280°C and 110°C,
respectively (Fig. 5 and Table 1). However, both Ty and Tysy4 of
WEC can be declined with the increasing of the dosage of DEP. No
epoxy group was residual in the sample of WEC (0.25/10) based on
the FT-IR spectrum (Fig. S9 in Supporting information), which indi-
cated that the curing active groups in DEP at the dosage of 0.25/10
was enough to make the epoxy group react completely. However,
with the continuous increase of DEP dosage, excessive DEP re-
duced the crosslinking density of WEC, which causes the decrease
of Ty and Tysy of the resultant coating. Anyway, the above compre-
hensive properties of waterborne epoxy coating can still meet the
needs of some practical applications.

In conclusion, we report a facile and efficient strategy for
recycling anhydride-cured epoxy with hydrazine hydrate under
mild conditions. The degradation mechanism of aminolysis of
anhydride-cured epoxy with the aid of hydrazine hydrate is stud-
ied for the first time and a kinetic model is established to predict
the actual degradation behavior of the system. As bulk erosion and
surface erosion occur simultaneously in the process of degradation,
the hydrazine hydrate degradation system has a high selectivity
for cracking of ester bonds and can decompose the cured epoxy
resin into monomers with reactive hydrazide groups and hydroxyl
groups by the amination reaction under mild degradation condi-
tions (120 °C, 60 min). The final degradation products containing a
large amount of hydrazide groups and hydroxyl groups can be di-
rectly used as curing agent for the preparation of new waterborne
epoxy coatings, which show high pencil hardness, adhesion, flex-
ibility and thermal stability. This work provides exciting new in-
sight in the degradation and recycling of thermoset.
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