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ABSTRACT

The anhydride-cured epoxy resin with silica micro-powder (SAE) is widely used in electrical equipment due to its excellent properties. How-
ever, its three-dimensional network structure makes degradation and recycling difficult. Conventional disposal methods, such as incineration
or landfill waste resources, harm the environment. Therefore, it is crucial to develop a mild degradation and recycling method for epoxy resin.
In this study, after evaluating the electrical, mechanical, and thermal properties of SAE, we achieved efficient and mild alcoholysis of high
filler content (50%) SAE. This was done using K3POj as a catalyst and ethanol as a solvent, with the reaction conducted at 120 °C for 3 h. We
also explored degradation optimization at different temperatures, with varying water and filler contents. Results showed a degradation effi-
ciency of nearly 100% under these conditions. Raising the temperature moderately and adding a small amount of water were found to boost
the degradation efficiency. The insolubility of K3POj in ethanol enabled effective separation and reuse of the catalyst and filler. FTIR anal-
ysis confirmed the chemical structure of the degradation products, showing their recyclability. This degradation method allows for efficient
degradation of SAE while maintaining or even enhancing its properties compared to pure epoxy resin.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0273088

I. INTRODUCTION

Epoxy resin, known for its excellent mechanical properties,
electrical insulation, and chemical stability, is widely used in electri-
cal equipment.! However, its three-dimensional network structure
after curing makes it difficult to recycle.”’ Generally, discarded
epoxy resin materials are still disposed of by incineration or land-
fill; this not only wastes valuable resources but also causes serious
environmental pollution.” Moreover, the degradation conditions for
epoxy resin are harsh and complex, and the resulting degradation
products have a broad molecular weight distribution, which reduces
the value of the recycled materials,” further increasing the difficulty
of the recycling process.

In recent years, with the increasing strictness of environmen-
tal regulations and the advancement of sustainable development
concepts, researchers have gradually focused on the degradation
of epoxy resin under mild conditions.” Although methods such

as physical recycling or energy recovery have been developed to
improve the recycling rate, the efficiency of recycling remains
low. Chemical recycling is considered a more promising approach
because it can produce useful chemicals and has the potential for
a circular economy;’ traditional chemical degradation methods,
such as hydrolysis, alcoholysis, and amination, have achieved the
degradation of epoxy resins to a certain extent; however, there are
problems, such as harsh reaction conditions and difficult separation
of degradation products. For this reason, researchers have attempted
to achieve a more efficient and environmentally friendly degradation
pathway through catalyst optimization, solvent system modifica-
tion, and stepwise degradation strategies. Zhang et al. used an
organocatalyst, N-methyl-4-piperidinol to degrade methylcyclohex-
ene 1,2-dicarboxylic anhydride-cured (MeTHPA) epoxy resins in
ethylene glycol, which resulted in the separation of the catalyst prod-
ucts and effective recovery of the ethylene glycol and the catalyst;"
however, the degradation conditions are demanding (1 h reaction at
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180 °C).’ Zhao et al. degraded an epoxy resin by microwave-assisted
catalytic degradation of diethylenetriamine (DETA) at 130 °C for
50 min. DETA acted as a catalyst, reactant, and solvent, and the
product of the ammonization was reused as a curing agent in the
new epoxy system directly together with the excess of DETA; how-
ever, the new resin could not be recycled by using the same DETA
degradation system.'’

Alcoholysis, as a commonly used degradation method, involves
breaking the cross-linked ester bonds in epoxy resin through ester
exchange reactions catalyzed by a catalyst, thereby achieving decom-
position at relatively low temperatures. However, in the mainstream
degradation methods currently available, there is limited research
on the degradation of epoxy resin containing SiO, used in electrical
equipment. Most studies to date have primarily focused on recov-
ering materials, such as carbon fibers or copper foils, from epoxy
composites.' "

Given the current situation, this study focuses on the degrada-
tion behavior of SAE and explores its degradation pathways under
mild conditions. We conducted necessary performance character-
izations of SAE with different SiO, contents. Using K3POy as a
catalyst and ethanol as a solvent, we successfully achieved efficient
degradation of epoxy resin composites with high SiO, content after
reacting at 120°C for 3 h. We also systematically analyzed the
chemical structure and properties of the degradation products and
realized the recovery of the catalyst and filler, providing a valuable
reference for the recycling and utilization of SAE.

Il. PREPARATION OF SAE
A. Materials of SAE

Figure 1 demonstrates the preparation process and the alcohol-
ysis process of the materials, where Fig. 1(a) shows all the processes
of preparation and alcoholysis and Fig. 1(b) shows the material
changes before and after the alcoholysis reaction process.

DGEBA, as the epoxy monomer, was purchased from Blues-
tar New Material Co. MeTHPA, as the curing agent, was purchased
from Aladdin Company; DMP-30, as the accelerator of the curing
process, was purchased from Aladdin Company; and KH-560, as
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the coupling agent, was purchased from Nanjing Glass Fiber Com-
pany. SiO, was purchased from Ming-Ri Nanomaterials Ltd. as a
filler for the epoxy resin. Anhydrous ethanol with 99.5% purity was
used as a solvent in the degradation process and was purchased
from Chengdu Cologne Chemical Co. K3POy acted as a catalyst in
the degradation process and was purchased from Adams Company.
All these reagents were used directly since purchase without further
purification.

B. Preparation of SAE

DGEBA, MeTHPA, and DMP-30 were mixed into a mixture
with a mass ratio of 10:7.04:0.104." SiO, was pretreated using KH-
560 prior to the curing process, and the pretreated SiO, was added
to the mixture in weight ratios of 10, 20, 30, 40, 45, and 50 wt.
%. They were stirred mechanically and, after mixing well, vacu-
umed for 30 min, the PTFE molds were sprayed with an appropriate
release agent beforehand, and then, the mixture with the addition of
SiO, was poured into the PTFE molds that had been preheated for
5-10 min. The molds were placed in an oven, and the samples were
obtained after being heated at 120 °C for 2 h, and then at 150°C
for 4 h. When the samples were cooled to room temperature, the
obtained samples were demolded.

I1l. EXPERIMENTAL METHODS
A. Chemical structure

Fourier transform infrared (FTIR) spectra were recorded using
a NICOLET 6700 FTIR spectrometer manufactured by Thermoelec-
tron Corporation, USA. The KBr powder and SAE powders with
different SiO, contents were ground into a mixture of the appro-
priate size in a mass ratio of 40:1 and pressed for 15 min to prepare
a thin slice sample, which would be in the range of 450-4000 cm},

where the infrared absorption peaks of SAE samples were recorded.

B. Electrical properties

Volume resistivity was measured by a 6517B Electrostatic
Meter/High Resistance Meter combined with a three-electrode
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Before reaction
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FIG. 1. (a) Preparation and alcoholysis. (b) Substance changes before, during, and after the alcoholysis reaction process.
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fixture from Keithley, USA. To ensure accuracy and reliability, at
least 30 measurements were made on SAE samples with different
SiO, contents.

The AC breakdown strength was measured by an AC break-
down test rig. The AC breakdown test was performed using a pair of
ball electrodes with a diameter of 20 mm and a voltage slope of 500
V/s. At least ten tests were performed on SAE samples with differ-
ent SiO; contents. During the tests, the samples and electrodes were
completely immersed in an insulating oil medium. All the samples
were of disk type with a diameter of 40 mm and all with a thickness
of 1 mm, and all the measurements of the samples were carried out
in a room temperature environment.

C. Mechanical properties and thermal properties

Tensile mechanical strength produced by American Instru-
ments 3343 was measured by an electromechanical testing system.
The SAE samples with different SiO, contents were all sized to be
5x 1.3 x 0.3 cm’,"* and the tensile loading rate was 5 mm/min.

The DSC curves were measured by a differential scanning
calorimeter. The samples were first held at 150 °C for 5 min to elimi-
nate thermal history, then 10 mg of SAE samples with different SiO,
contents were rapidly cooled to ~100 °C at a rate of 50 °C/min for
5 min, then heated from 50 to 250 °C at a rate of 20 °C/min, and
finally cooled to room temperature. The purge gas used during the
analysis was nitrogen at a flow rate of 50 ml/min.

The TGA curves were measured by a GA Q500 thermal ana-
lyzer manufactured by TA Instruments, USA. The analyzer was mea-
sured in constant heating rate mode, heating at a rate of 30 °C/min.
The operating temperature range was from room temperature to
800 °C and was carried out in a nitrogen atmosphere with a nitro-
gen purge rate of 60 ml/min. The weight of all measured samples
was about 10 mg.

IV. EXPERIMENT RESULTS
A. FTIR results

FTIR was used to verify the composition of the products and
to investigate the effect of SiO, on the functional groups of the
epoxy resin. Due to the presence of impurity peaks, the analysis
emphasized only the characteristic peaks that best reflect the struc-
ture of SAE samples with different SiO, contents, and the results are
shown in Fig. 2. In the SAE samples with different SiO, contents,
the characteristic peak of hydroxyl group (-OH) is in the region
of 3200-3600 cm™!, which is related to the —-OH stretching vibra-
tion.'> The characteristic peak for carbon-hydrogen (C-H) is in the
region of 2800-3000 cm ™' and is usually associated with the satu-
rated C-H stretching vibration.'® The characteristic peak for esters is
in the region of 1700-1800 cm™ and is associated with the -COO-
stretching vibration. The characteristic peak of the ether is in the
region of 1000-1300 cm™" and is related to the stretching vibration
of -C-O-C-."7 As can be seen from the figure, the intensity of the
absorption peaks of the different functional groups changes as the
weight percentage increases, with the absorption peaks of ~-OH and
C-H likely to be more pronounced in higher weight percentages of
the samples, and the absorption peaks of the ester and the ether being
in the lower wavelength region, and the intensity of these peaks is

pubs.aip.org/aip/adv

—— 40Wt. %
— 45Wt.%
— 1 0wt.% ester et

— 50Wt.%
— 20Wt.%
e 30Wt.%

@ pure

=

er

FF 33

!
| |
Yo _a |
hydroxyl L —

I\ carbon—
hydrogen
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™)

FIG. 2. FTIR spectra of SAE with different SiO, contents.

likely to increase as these functional groups are increased in the sam-
ples. In addition to this, the absorption peaks at 1609 and 1582 cm™"
at 50 wt. % are related to the C=C and C-C stretching vibrations, '
respectively, the weak intensity band at 1650 cm™" is related to the
N-H functional group, and the weak absorption peak at 3400 cm™
is related to Si-OH.'””’

All these FTIR observations showed that no new bonds
appeared between the filler and the epoxy resin,'” and the pure epoxy
resin samples without SiO, have a similar chemical structure to the
SAE samples, thus verifying the feasibility of the SAE samples with a
certain amount of SiO, content for the alcoholysis method.' >

B. Electrical parameters

Figure 3(a) demonstrates the effect of different SiO, contents
on the resistivity of SAE samples. With the increase in SiO, content,
the resistivity shows an overall decreasing trend, which indicates
that increasing the content of SiO, can reduce the resistivity of the
material and SiO; in the material changes the conductive proper-
ties of the material; This trend may be related to a kind of ionic
transport modeling of the distribution of SiO; in the material, the
size of the particles, and the surface properties of the material,”*'
which decreased from about 2.0 x 10'® ) cm at 0 wt. % to about
1.0 x 10" Q cm at 50 wt.%. The median resistivity was about
3.0 x 10'® Q cm with the addition of 20 wt.% SiO, and about
1.0 x 10'® Q cm with the addition of 50 wt. % SiO,. However, most
of the SAE’s resistivities do not decrease much relative to the pure
epoxy resin, and most of the resistivity values are still higher than
the lowest resistivity value of 10'> Q cm reported in reference to the
relevant standards.”

Figure 3(b) demonstrates the effect of different SiO, contents
on the relative permittivity of SAE samples. The relative dielectric
constants of the samples all decreased with the increase in frequency,
which is due to the difficulty of dipole orientation polarization fol-
lowing the electric field at high frequency, resulting in the decrease
of polarization strength and relative dielectric constant.”>”” On the
other hand, most of the relative dielectric constants of SAE are
higher than those of pure epoxy materials, which is probably because
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FIG. 3. (a) Effect of SiO, content on SAE resistivity. (b) Effect of SiO, content on SAE relative permittivity. (c) Effect of SiO, content on SAE tan & values. (d) Effect of SiO,
content on SAE breakdown probability. (€) Effect of SiO, content on SAE breakdown strength.

SiO; increases the number of polar molecules and polarity in the
system.”’

In the low-frequency region of 10" to 10> Hz, the rela-
tive permittivity of the samples with different SiO, contents varies
greatly. In addition, 45 and 50 wt. % samples have higher relative
permittivity, while 10 wt. % samples have the lowest, and in the
high-frequency region of 10°~10° Hz, the difference in relative per-
mittivity of the samples with different SiO contents decreases, and
the relative permittivity of all samples tends to be constant. The
relative permittivity of all samples tends to be constant. The rela-
tive permittivity of pure epoxy resin is relatively low and does not
change much in the whole frequency range, indicating that its dielec-
tric properties are relatively stable. In the low-frequency region, all
types of polarization mechanisms, including electronic polarization,
ionic polarization, interfacial polarization, and dipole polarization
work, result in a high relative permittivity, and in the high-frequency
region, due to the rapidly varying electric field, only the electronic
polarization is capable of responding quickly, while the other polar-
ization mechanisms gradually drop out of the response, resulting in
the decrease of the relative permittivity.”” For engineering applica-
tions, the relative dielectric constants of all SAE samples range from
2.5 to 7.5 in the 107'-10° Hz band, which are as good as those of
pure epoxy resins for engineering applications.”®

Figure 3(c) demonstrates the effect of different SiO, content on
the SAE samples on the loss factor tan 8. The loss factor tan § reflects

the heat generated by the material during polarization and is one
of the important parameters to measure the performance of insulat-
ing materials. In the low-frequency region of 107'-10* Hz, all the
samples have higher values of tan §, indicating that the polarization
loss of the material is higher at low frequencies. As the frequency
increases, the tan § values gradually decrease, which indicates that
the polarization loss of the material decreases at high frequencies.
In the low-frequency region, the samples with 30 and 50 wt. % have
the highest tan § values, which indicates that the polarization loss
of these samples is larger at low frequencies, and the tan § values of
the samples with different SiO, contents are gradually close to each
other with the increase in frequency, which indicates that the effect
of the different SiO, contents on the polarization loss of the material
decreases at high frequencies. This indicates that the effect of differ-
ent SiO; content on the polarization loss of the material decreases at
high frequencies. In the high-frequency region of 10*~10° Hz, the
tan § values of all the samples tend to be stable with little differ-
ence. The relatively low tan § values of pure epoxy resin in the whole
frequency range, with little variation, indicate that it has a good insu-
lating property because it generates less heat during the polarization
process. In the low-frequency region, electronic polarization and
ionic polarization may dominate, resulting in higher tan § values. As
the frequency increases, other types of polarization, such as interfa-
cial polarization and dipole polarization, may be excited; however,
due to the increase in frequency, the response of these polarization
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mechanisms may not be able to keep up with the change in the
electric field, resulting in lower tan § values.”” In consideration of
engineering applications, in the low-frequency region, the 30 and 50
wt. % samples have low and close tan § values due to higher tan § val-
ues, and in the high-frequency region, all the samples have low and
close tan § values, which indicates that they have better insulation
properties at high frequencies and are all suitable for high-frequency
voltage operating conditions.”

Figures 3(d) and 3(e) demonstrate the effect of different SiO,
contents on the breakdown strength of SAE samples against indus-
trial frequency AC, respectively. Each SiO, content in the figure
corresponds to a curve showing the Weibull probability distribution
at a specific breakdown strength. With the increase in SiO; content,
the distribution of breakdown strength changes, indicating that the
addition of SiO; has a significant effect on the insulating properties
of the material.

As shown in the sample breakdown plots in Fig. 4, the cracks at
the breakdown location exhibited a change from point-like cracks
to long stripe-like cracks when the SiO, content in the SAE was
changed to a higher level, a phenomenon that may be related to
the weakening of the brittleness of the SAE samples. The breakdown
data were in the range of 25-60 kV/mm, and the breakdown strength
corresponding to the 63.2% probability increased with the increase
in SiO; content, indicating the improvement of the insulating prop-
erties of the material. The breakdown strength corresponding to
63.2% probability for pure epoxy resin is about 25 kV/mm, and when

40wt.%

ARTICLE pubs.aip.org/aip/adv

the SiO; content is increased to 50 wt. %, the breakdown strength
corresponding to 63.2% probability increases to about 57.4 kV/mm,
showing a significant improvement. As can be seen from the inset,
the highest value is reached at 50 wt. % SiO, at 63.2% probabil-
ity with increasing SiO, content. The instantaneous breakdown is
mainly related to the concentration of free carriers and the mobil-
ity of free carriers in the electric field, and when tiny particles are
doped into the polymer matrix, interaction zones are formed around
them, which introduce deep-trapped sites at the matrix—particle
interface, a phenomenon that can be explained by a structural mod-
eling.’! The addition of SiO, may affect the polarization mechanism
and insulating properties of the material by introducing more polar
molecules and trap energy levels that may trap free charge carriers
and reduce their mobility, thus increasing the breakdown strength
of the material*> The results of this study show that the SAE sam-
ples retain excellent insulating properties relative to pure epoxy resin
and comply with the relevant standards.*

C. Mechanical strengths and thermal

Figure 5(a) demonstrates the effect of different SiO, contents
on the tensile strength of SAE samples. With the increase in SiO,
content, both the maximum and minimum tensile strengths showed
certain trends. During the increase in SiO, content from 0 to 45 wt.
%, the maximum tensile strength first increased and then slightly
decreased, while the minimum tensile strength showed a gradual

Electrode

FIG. 4. AC breakdown diagram and
sample experiments.
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increasing trend. As shown in the figure, a moderate amount of
SiO, filling can improve the tensile strength of epoxy composites;
however, too much SiO; filling may lead to a decrease in the ten-
sile strength. This may be because a moderate amount of SiO; filling
can increase the rigidity and strength of the material; however, too
much SiO; filling may lead to an increase in stress concentration and
defects inside the material, which will reduce the tensile strength.
The maximum tensile strength of the pure epoxy resin is 30 MPa.
When the SiO; content is increased to 45 wt. %, the maximum ten-
sile strength reaches the highest value of 42 MPa. At 50 wt. % SiO»,
the maximum tensile strength slightly decreases to 40 MPa. The
minimum tensile strength of the pure epoxy resin is about 30 MPa.
With the increase in the SiO; content, the minimum tensile strength
increases gradually, and the maximum tensile strength of the pure
epoxy resin is about 30 MPa. The minimum tensile strength of pure
epoxy resin is about 30 MPa. With the increase in SiO; content, the
minimum tensile strength increases gradually and reaches the max-
imum value of about 39 MPa at 45 wt. % SiO,, and the minimum
tensile strength slightly decreases to 38 MPa at 50 wt. % SiO, but
still meets the standard.”

Figure 5(b) demonstrates the effect of different SiO, content on
the Ty of SAE samples. Compared to the pure epoxy resin sample,
the Ty of the SAE sample with 45 wt. % SiO, content increased by
36.5 °C, as shown by the classification of the insulation according to
the relevant standards;* for samples with up to 50% SiO, content,
they can be used as normal engineering thermal insulating epoxy
resins due to their Ty values higher than 90 °C.

Figure 5(c) demonstrates the effect of different SiO, contents
on the thermal stability of SAE samples. Compared with pure epoxy
resin, the thermal stability of SAE with low SiO; content decreased
and its 5% heat loss decomposition temperature was lower than
that of pure epoxy resin, and the thermal stability of SAE with high
SiO; content increased and its 5% heat loss decomposition temper-
ature was higher than that of pure epoxy resin. However, all the
maximum heat loss peaks remain around 400 °C, showing good
thermal stability and meeting the needs of most engineering epoxy
resins.

V. BACKGROUND TO THE STUDY AND THE NEED
FOR DEGRADATION

In Sec. IV C, we systematically evaluated the electrical, mechan-
ical, and thermal properties of epoxy composites containing SiO,
fillers. The results show that the composites exhibit comparable or
even superior properties to those of pure epoxy resins even under
conditions of high SiO, content (50%) filling. This finding suggests
that epoxy resin composites with SiO fillers have great potential
for application in the field of high-performance electrical equipment
materials. However, despite its excellent performance, the study of
SiO; containing epoxy resins in electrical equipment mainly focuses
on its performance, and the degradation study of this kind of SiO,
containing filler epoxy resins is still relatively scarce, especially the
degradation paths under mild conditions; the related studies are still
in the preliminary stage of exploration.”” " This status quo contrasts
with the widespread use of epoxy resins containing SiO; fillers.

Therefore, the development of a mild and efficient degradation
method that not only realizes the complete degradation of SiO,-
filled epoxy resins but also recovers valuable fillers and degradation

pubs.aip.org/aip/adv

products is of great significance in promoting the sustainable treat-
ment of epoxy resin wastes. In this study, we aimed to fill this
research gap by using K3PO, as a catalyst and ethanol as a sol-
vent to realize the efficient degradation of high-content SiO,-filled
epoxy resin under mild conditions. This method not only provides
a new idea for the degradation of SiO,-containing filler epoxy resins
but also provides an experimental basis for the efficient recovery
and reuse of resources. In the subsequent Sec. V, we will explore
the mechanism of this degradation system in detail and further
optimize the reaction conditions to achieve a more efficient and
environmentally friendly degradation pathway.

VI. ALCOHOLYSIS OF SAE

The mechanism of alcoholysis of SAE is shown in Fig. 6. The
pretreated SiO,, as shown in Fig. 6(a), is mainly dispersed in the
epoxy resin matrix as a filler of physical reinforcement material,
which is inert in nature, and the filler does not directly participate
in the alcoholysis reaction of the epoxy resin.”* Figure 6(b) shows
the encapsulation and dispersion relationship between the epoxy
resin and the pretreated SiO,. Alcoholysis usually involves an ester
exchange reaction, which effectively breaks the ester bond, result-
ing in the degradation of the epoxy resin into smaller oligomers.
Figure 6(c) shows the reactive substances involved in this ester
exchange reaction, which is the curing reaction between the epoxy
resin monomer and the anhydride curing agent to form the epoxy
product with a cross-linking structure. Figure 6(d) shows the reac-
tion of K3POy with the alcohol (ROH) to form the negative alcohol
ion (RO-); RO- is the main reactive substance to attack the ester
bond.*® In this chemical transformation, as shown in Fig. 6(e),
RO- preferentially attacks the ester bond, which breaks under the
action of RO- to produce the corresponding alcoholysis product.
Through this reaction, new esters are formed, and hydroxyl groups
are released; the molecular structure formula of which is shown in
Fig. 6(f). The final degradation product is a key step in the recy-
cling and reuse of epoxy resins, which can partially replace the
DGEBA base material for the production of new epoxy resins, con-
tributing to a more sustainable use of the material and enhancing a
multi-recycling and sustainable material life cycle." >

Rectangular block SAE samples of 20 x 20 x 5 mm’® were
obtained and used for alcoholysis reaction. SAE, anhydrous ethanol,
and K3PO4 were mixed in a reactor in a mass ratio of 3:30:1 and
heated at 120 °C for 3 h to obtain the degradation solution.!' The
solution was placed in a vacuum pump evaporator and vacuumed,
and 45 °C was maintained to evaporate the ethanol and obtain a
mixture of degradation product and SiO,, which was separated from
the degradation product and SiO; by passing through a filter and
then dried for an appropriate period of time to obtain SiO, pow-
der. As shown in Fig. 7, the characteristic peaks corresponding to
the ether bonds in the product skeleton before and after degrada-
tion were present in the spectral analyses at 1249 and 1010 cm™,
which indicated that the structure of the skeleton before and after
the reaction of the epoxy resin remained unchanged. The decrease
in the intensity of the carbonyl peak at 1790 cm™ after degradation
indicates the destruction of cross-linking sites within SAE, which
proves that SAE has been successfully alcoholized by the degradation
system of anhydrous ethanol and K3POy,.
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FIG. 6. (a) Dispersion of pretreated SiO, in the epoxy matrix. (b) Encapsulation and dispersion relationship between epoxy resin and pretreated SiO,. (c) Reactive
substances in ester exchange reactions. (d) K3PO, reacts with alcohols to form negative alcohol ions RO—. (e) RO— attack ester key. (f) New ester and release of hydroxyl

groups.

However, during the actual degradation process, Fig. 8(a)
demonstrates the effect of water content on the degradation degree.
An appropriate increase in the water content in ethanol or K3POy4
improved the catalytic degradation efficiency, and after the ethanol
solvent adsorbed a small amount of water in the air, the solubility of
K3PO4 was increased, which allowed it to participate in the degra-
dation reaction more efficiently, thus accelerating the degradation
process. However, when the water content was further increased,
the degree of degradation decreased instead because the degrada-
tion products were poorly soluble in water, and too much water
would reduce the solvent properties of the system. SAE itself was
not wetting, and too much water would impede the degradation
reaction. Figure 8(b) demonstrates the effect of temperature on
the degree of degradation. An appropriate increase in temperature

during degradation improves the degradation efficiency. The solu-
bilization of SAE by ethanol was enhanced at higher temperatures,
which improved the ability of the catalyst and ethanol molecules
to penetrate into the interior of SAE, thus increasing the con-
tact area of the reaction and facilitating the degradation; second,
the elevated temperature increased the activity of K3POy, which
accelerated the transesterification of ethanol and made it easier to
attack the ester bond of SAE, thus accelerating the degradation rate.
However, too high a temperature may bring a series of problems.
First, high temperatures can significantly increase energy consump-
tion and make the degradation process less economical. Second, at
high temperatures, the catalyst K3PO, and degradation products are
more likely to dissolve in high-boiling solvents, making it difficult
for the catalyst to self-separate and requiring additional separation
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FIG. 8. (a) Effect of water content on alcoholysis. (b) Effect of temperature on alcoholysis.

steps, which increases the operational complexity and cost. In addi-
tion, too high a temperature may lead to excessive degradation and
destroy the structure of the degradation product, making it difficult
to reuse as a curing agent. Therefore, selecting a temperature range
of 110-130 °C not only effectively degrades the epoxy resin but also
reduces energy consumption, simplifies the separation process, and
ensures the recoverability of the degradation products.

VII. CONCLUSION

In this study, the electrical, mechanical, and thermal prop-
erties of SiO,-filled anhydride-cured epoxy composites were sys-
tematically investigated and their degradation behavior under mild
conditions was examined. The results show that the SAE compos-
ites maintain excellent properties even with high filler content (up
to 50 wt. %), making them suitable for high-performance electri-
cal insulation applications. The efficient alcoholysis of SAE was
successfully achieved under mild conditions (120 °C, 3 h) using a

K3POy4-catalyzed ethanol system, providing a sustainable route for
the degradation and recycling of epoxy-based insulating materials.
The main findings are summarized as follows:

(1) Electrical, mechanical, and thermal properties:

The resistivity of the SAE composites decreases slightly
with increasing SiO> content, which has a minor effect on
the electrical insulation properties. The dielectric constant
increases with increasing SiO, content due to enhanced
polarization effect, while all the samples maintain relatively
high breakdown strength suitable for insulation applications.
The tensile strength is moderately enhanced with increasing
SiO, content to reach the optimum level, after which fur-
ther increase (45 wt. %) leads to a slight decrease in tensile
strength. Thermal analysis shows good thermal stability of
the SAE composites, and the thermal decomposition temper-
ature remains high, confirming their suitability for insulation
at high temperatures.
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(2) Degradation behavior of SAE composites:

Alcoholysis of SAE composites using a K3POy-catalyzed
ethanol system under mild conditions (120 °C, 3 h) resulted
in a degradation efficiency close to 100%. The experiments
showed that the appropriate amount of water and tempera-
ture could significantly improve the degradation efficiency.
The addition of a small amount of water increased the
solubility and catalytic activity of K3PO,, while an appro-
priate increase in temperature enhanced the swelling effect
of ethanol on SAE and facilitated the contact between the
catalyst and reactants. However, too much water or too
high a temperature could reduce the degradation efficiency.
Excessive water can weaken the solvent properties, while too
high a temperature may lead to the dissolution of the cata-
lyst and degradation products and increase the difficulty of
separation.

(3) Chemical structure and degradation mechanisms:

FTIR analysis showed that the major functional groups
in the SAE composites were consistent with the pristine
anhydride-cured epoxy resin, and no new chemical bonds
were formed between the epoxy resin and the SiO, filler.
This confirms that the SiO; filler mainly acts as a physi-
cal reinforcement in the composites without participating in
the chemical reaction. During the alcoholysis process, K3PO4
catalyzed the ethanol to break the crosslinked ester bonds
of the epoxy resin through the transesterification reaction to
produce recyclable oligomers. The reduction of the intensity
of the carbonyl peaks in the FTIR spectra confirms the dis-
ruption of the crosslinked structure and verifies that the SAE
composites are capable of being degraded gently and effi-
ciently at 110-130 °C. The composites are also degraded by
the carbonyl peaks in the FTIR spectra.

(4) Recovery and reuse of degradation products:

After degradation, KsPOy, SiO; filler, and epoxy resin
oligomers can be separated by simple filtration and evapo-
ration. SiO; filler maintains its original structure and prop-
erties and can be reused directly. FTIR analysis shows that
the oligomers in the degradation products have reuse poten-
tial and can be reused as raw materials in the preparation of
€poxy resin.
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