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ABSTRACT: Chemical depolymerization of fully cured epoxy resin with 20%
reactive modifier was successfully performed via a solvent-assisted solvolysis
process into low molecular weight recyclable oligomers (RO) at 240 °C in a
pressure vessel at 650 psi for 4 h. The thermoset epoxy resin was depolymerized
into transparent brown viscous fluid with a higher viscosity than the uncured
epoxy resin with approximately 93% yield. Different concentrations of the RO
were homogeneously mixed with the pure epoxy resin, and their curing kinetics,
viscosity, FTIR, mechanical properties, DMA, and cross-link density were
investigated. The curing kinetics of the pure reactive modified epoxy resin
(baseline) and its mixtures with RO of different concentrations were investigated
under both isothermal and nonisothermal conditions using small amplitude
oscillatory shear flow. The elastic and viscous moduli (G′ and G″), complex
viscosity (η*), and tan δ values were evaluated at different curing times and
temperatures. The G′, G″, and η* increased dramatically, while tan δ decreased
strongly by several orders of magnitude at the gel point. The zero-shear viscosity (η0) was determined from the angular frequency
dependent on η* based on the Cross model for different blend compositions in the liquid state before curing. The composition
dependence of η0 showed a positive deviation from the linear mixing rule and was well described by the Lecyar model. The apparent
activation energy of curing (Ea) was also evaluated according to the Arrhenius equation and was found to be 46 ± 2 kJ/mol
regardless of the different contents of RO. For all blends up to 40 wt % RO, only one tan δ peak systematically shifting to lower
temperatures with increasing content of RO was observed in the DMA measurements, indicating that the epoxy resin and the RO are
miscible with up to 40 wt % RO.
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■ INTRODUCTION
High-performance epoxy resin thermosets are extensively used
in wide industrial applications due to their excellent chemical
and thermal stability, low coefficient of thermal expansion, high
glass transition temperature (Tg), high modulus, and high stress
at break as well as low viscosity and easy processability into
complex shapes.1−3 A huge volume of epoxy resin thermosets is
used annually in the construction and manufacturing of
electrical, automotive, and aerospace components, as well as
power cables, coatings, adhesives, pressure vessels, encapsulants,
and varnishes for magnet wires in electric motors and electric
submersible pumps.4−6 The global thermoset market was valued
at $2.5 Bn in 2019 and is expected to reach $5.86 Bn by 2027.7

Many thermosets can be used continuously at high temperatures
and pressures in aggressive environments, as in downhole
applications and hydrogen storage (gas and liquid) infra-
structure (20 K and 90 MPa). Regardless of the excellent
properties and wide applications of commercially available
thermosets, they are relatively expensive compared to most
thermoplastic polymers, not recyclable, and not biodegradable.

With the huge production and wide industrial applications of
thermosetting materials, particularly, the high-temperature
glassy epoxy resins, the waste of these nonrecyclable materials
is a mounting problem.8−11 The very stable mechanical, thermal,
and chemical properties of the three-dimensional covalent
network structure of the thermosets eliminate the possibility of
remelting or reprocessing the recyclable resins into products.
Developing biodegradable thermosetting materials with similar
or better performance than that of petroleum-based thermosets
without their drawbacks (nondegradable) is one of the reliable
approaches to address this problem.12−15 According to this
recycling approach, the biodegradable thermoset materials can
be degraded into CO2 and water in the soil under landscape
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conditions.16−20 Recently, this approach received great
attention and has two main advantages. The first one is to
replace petroleum-based thermosetting resins with sustainable
biodegradable cost-effective ones. The second advantage is that
biobased epoxy resins will significantly reduce the waste of
nondegradable epoxy resins and reduce CO2 emission.
However, most of the biobased materials including thermosets
have a considerably higher water affinity and lower mechanical
properties and are still relatively more expensive than their
petroleum-based counterparts.
One different alternative approach for recycling thermoset

epoxy resins can be achieved via a mechanical method based on
collecting and grinding the recycled materials into fine particles/
powders and using them as reinforcement fillers to enhance the
mechanical properties and toughness of the pure resin.11,21

Mixing up to 5 wt % ground recyclable thermoset with pure
thermoplastic produced a considerable improvement in the
mechanical properties of the resultant composite.11 Adding a
higher content of the recycled thermoset powder to the
thermoplastic could negatively impact themechanical properties
due to the aggregation of the recycled powder and the creation
of poor interfacial adhesion with the pure polymer matrix.11

Chemical recycling based on converting the three-dimensional
network of the fully cured epoxy resins into their oligomeric
structure via the addition of a specific catalyst is the most
common recycling process of epoxy resins.22−25 Therefore,
developing new alternative approaches for recycling epoxy waste
into high-value products is crucial and will have great
significance for the thermoset industry and sustainability.
Covalent adaptable networks (CANs) or malleable thermo-

sets (vitrimers) is also a well-established recycling approach
recently used for thermoset polymers via the incorporation of
dynamic covalent bonds in the chemical structure of the
thermosets.26−30 According to the relatively new CANs
approach, the recycled polymer networks can be reconfigured,
remelted, and reshaped into products through a network
rearrangement reaction induced by heat, light, or pH.
Dissociative and associative mechanisms are commonly
involved in the network exchange reaction or CANs. The
CANs with dissociative chemical reactions involve a destruction
of the network such as a typical reversible Diels−Alder
reaction.31−33 The polymer networks will lose dimension
stability and solvent resistance. On the other hand, the polymer
network integrity, solvent resistance, and dimensional stability
will be maintained with the CANs reactions or vitrimers.
Malleability, self-healing, and shape-memory effects are some of
the many advantages of CANs. Furthermore, conventional
processing techniques, such as compression and injection
moldings as well as extrusion, can be used to reprocess vitrimers.
The reactive solvent method is a type of chemical recycling

process widely used to break down the covalent bonds in fully
cured epoxy resins via a solvolysis process. The solvolysis
process is a chemical recycling process of epoxy resins based on a
solvent-assisted process that allows depolymerization of the fully
cured resins into their monomers or oligomers. The solvolysis
process strongly depends on the nature of the solvent, catalyst,
temperature, pressure, and processing time.34−38 A typical
solvolysis process can be achieved with supercritical/near-
supercritical fluids or with specific catalysts under mild
conditions (e.g., low temperature and pressure). Water and
low molecular weight ketones and alcohols (e.g., acetone and
methanol) are common solvents used for the cost-effective
solvolysis process of epoxy resins under supercritical conditions

and very high pressure.39,40 The solvolysis process can be carried
out at atmospheric pressure and low temperatures, lower than
200 °C with a considerable increase in the rate of the solvolysis
process by adding specific catalysis. This mild temperature and
atmospheric pressure condition required a large amount of
expensive and flammable solvents and specific catalysis. In
addition to the above-mentioned parameters, the success of the
solvolysis process greatly depends on the chemical structure of
the resin, the nature of hardeners, coupling agents, and chemical
modifiers. Fully cured epoxy with amine hardeners was
depolymerized into monomers or oligomers via a catalyzed
solvolysis process at a temperature <200 °C in a pressure
vessel.41 Transesterification between hydroxyl groups of the
solvolysis solvent and ester groups in the epoxy resin leads to
depolymerization of the anhydride-cured epoxies.42−44 Depoly-
merization of epoxy resins into monomers or oligomers
particularly with catalysis under mild temperature and pressure
via the solvolysis process has a significant importance in the
recycling process of carbon fiber (CF) epoxy resins.45 The
solvolysis process provides a unique practical approach to
depolymerize the epoxy resin matrix into low molecular weight
monomers or oligomers that can be reused or mixed with pure
epoxy resin to fabricate thermosetting products. Another more
important advantage of the solvolysis process is the recycling of
the high-performance CF with no significant damage in the CF
diameter, length, and surface roughness.37,40,46−49 The recycled
CF from the solvolysis process of CF-reinforced epoxy resin can
be used for many other applications, which can significantly
reduce the excessive energy commonly used to fabricate CF and
reduce the CO2 emission associated with the synthesis of the CF.
Therefore, developing the solvolysis process and creating
catalysts to improve the performance under mild conditions
(low temperature and pressure) could be very crucial with
practical, industrial, and environmental importance that will
have a significant positive impact on the future of the CF and
epoxy resin recycling industries.
A fundamental understanding of the curing kinetics of

thermosetting materials is very crucial to control the mechanism
of macroscopic gelation (structure and formation of three-
dimensional networks) and the mechanical properties (tensile
strength, toughness, elongation at break, etc.) of the final
thermosetting products. It also provides critical information for
optimizing the processing conditions as well as the performance
of the final products. The curing kinetics of thermosetting
materials have been investigated in the last decades, although
there are still controversial topics due to the complexity of the
curing reactions and the insolubility of the products at different
degrees of conversion.50,51 Many different experimental
techniques were previously employed for investigating the
curing kinetics of thermosets including DSC (differential
scanning calorimetry),52 FTIR (Fourier transform infrared
spectroscopy),53 13C NMR (nuclear magnetic resonance),54

mechanical characterizations,55 dynamic rheology, and others.56

Swelling ratio experiments do not provide any useful data related
to the curing kinetics and therefore are not suitable for
evaluating the optimal cross-linking reaction and controlling
the desired properties.57 Also, curing the sample isothermally at
different time intervals followed by measuring the Tg or
mechanical properties has the drawback of being not able to
investigate the curing kinetics and determine the gel time.58

Dynamic rheology is one of the few techniques capable of
evaluating the gel time and accurately studying the curing
kinetics of thermosets at different curing times, angular



frequencies, and strain rates. It is widely used to evaluate the
curing kinetics of physical and chemical cross-link reactions by
monitoring the changes in the material microstructure and
viscoelastic materials functions (G′, G″, η*, and tan δ) during
the gelation process. Dynamic rheology commonly evaluates the
curing kinetics of cross-link reactions using small-amplitude
oscillatory shear flow in the linear viscoelastic regime with no
disruption of the microstructure of the networks. The
viscoelastic properties of the cross-link polymers in the vicinity
of the sol−gel transition have been studied experimentally and
theoretically to understand the relationship between the gel
structure and linear viscoelastic behavior.59,60

In this manuscript, the solvolysis process of epoxy resin with
20% reactive modifier and 1% coupling agent was investigated at
240 °C in a pressure vessel at 650 psi for 4 h as a potential
chemical recycling process. The obtained ROwasmixed without
any chemical modification with pure epoxy resin with different
concentrations to utilize its application in creating thermoset
materials. The effect of the RO on the viscosity, curing kinetics,
and mechanical and thermomechanical properties were
thoroughly investigated. The rheological parameters G′, G″,
η*, and tan δ were evaluated as a function of curing time,
temperature, and angular frequency. The real-time measure-
ments of the viscoelastic properties during the curing process at
a constant temperature and angular frequency near the gel
temperature (Tgel) were also studied. The FTIR of the RO and
their blends with the pure resins were studied. The mechanical
and thermomechanical properties of the fully cured mixture of
epoxy resins and recycled oligomers were investigated using an
Instron machine and DMA, respectively. The apparent
activation energy of curing was also evaluated from the
temperature dependence of gel time (tgel) according to the
Arrhenius Equation.

■ EXPERIMENTAL SECTION
Materials. EPON Resin 826 is a bisphenol A based epoxy resin

obtained from Westlake Corporation. The EPON Resin 826 is a low-
viscosity light-colored liquid that can be fully cured with a wide range of
hardeners to produce a high-strength thermoset with excellent chemical
resistance. NANOPOX F 400 (Evonik Industries AG) is a high-
performance, silica-reinforced epoxy resin commonly used as a reactive
modifier with 40 wt % SiO2 content. Despite the high SiO2 content,
NANOPOX F 400 has a comparatively low viscosity due to the
agglomerate-free colloidal dispersion of the nanoparticles (20 nm) in
the resin. JEFFAMINE T-403 polyether amine is a highly reactive
trifunctional primary amine curing agent obtained from Huntsman
Corporation. Organofunctional silane additive (VPS 4721) has an
epoxy-functional silane oligomer obtained from Evonik Industries AG
and is used with 1.0 wt % to improve the compatibility between EPON
Resin 826, NANOPOX F 400, and JEFFAMINE T-403. The chemical
structures of the three materials used in the formulation of the control-
based epoxy resin can be found in Figure 1.

Sample Preparation. The control-based epoxy resin formulation
was prepared by mixing EPON Resin 826 with 20 wt % reactive
modifier (F-400), 1.0 wt % silane additive (VPS 4721), and 46 phr
JEFFAMINE T-403 polyether amine hardener. Because the RO does
not have any reactive epoxy groups, the composition of the hardener
was kept constant at 46 phr regardless of the content of RO. The
obtained blend was homogeneouslymixed using aMazerustar planetary
mixer at room temperature and 1000 rpm for 3 min. The mixture was
then degassed under a vacuum for another 15 min to obtain a clear
mixture with free air bubbles. The mixture was then cast into a metal
mold and cured at 100 °C for 3 h followed by 2 h at 150 °C. Both DSC
and DMA were run after the just mentioned curing process. No
exothermic peak was observed in the DSC thermogram. In addition, the
storage modulus and Tg from the temperature at the peak maximum of
tan d of the DMA data did not change after the second run of the test at
−20 to 200 °C. The fully cured sample was then machined into dog
bone specimens for mechanical measurements and rectangular shape
specimens for DMA (3 mm thick, 12 mm width, and 30 mm length)
measurements using a Wazer Waterjet. Clear-cut with no microcracks
was obtained for bothmechanical andDMA specimens using theWazer
Waterjet machine.
Solvolysis Process. The solvolysis process was carried out for a

fully cured epoxy resin under the above curing conditions. The fully
cured sample was cut into small pieces and heated in a pressure vessel at
240 °C for 4 h in a solution consisting of 70% water, 20% zinc acetate,
and 10% acetic acid.61,62 The zinc acetate is acting as a catalyst for the
solvolysis process. The acetic acid was found to be suitable for the
depolymerization of epoxy resins with amine hardeners via the breaking
of carbon−nitrogen bonds. It also has a Hansen solubility parameter
close to that of amine-cured epoxy resin and thereby can swell the
CFRP to facilitate the decomposition of the matrix polymer.49 The
pressure built up during this solvolysis process was measured as 650 psi.
The recycled oligomers obtained from the solvolysis process were
washed with DI water several times and dried in a vacuum oven at 60 °C
for 24 h. The obtained recycled oligomers (RO) are transparent brown,
viscous liquids. The solvolysis process used in this study was very
efficient in depolymerizing a high-cross-link epoxy resin into oligomers
with approximately 94% yield.
Rheological Measurements. The curing kinetics were inves-

tigated for the pure epoxy resin and epoxy/RO blends of different RO
contents (15, 25, 40, and 50 wt %) obtained from the solvolysis process
as described above. The rheological curing kinetics were investigated
using a TA Instruments (AR2000EX) instrument with 25 mm diameter
parallel plates. All isothermal and nonisothermal rheological curing
kinetics measurements were investigated under thermal conditions of
±0.1 K. The following experiments were performed:

1. Strain sweep at a constant angular frequency to obtain the linear
viscoelastic regime at a constant temperature for each mixture.

2. A temperature sweep from 20 to 170 °C at 2 °C/min under a
constant angular frequency and 1% strain rate in the linear
viscoelastic regime to evaluate the temperature of gelation.

3. Real-time sweep measurements at different constant gelation
temperatures in the linear viscoelastic regime to investigate the
effect of the curing process on the different viscoelastic
characteristic functions including storage moduli (G′ and G″)
as well as η* and tan δ.

Figure 1. Chemical structures of the epoxy resin (Epon 826), hardener (Jeffamine), and silane coupling agent (VPS) used in this work. The
NANOPOX F 400 reactive modifier is an epoxy resin with silica nanoparticles.
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4. The activation energy of curing was evaluated from the
temperature dependence of gel time according to the Arrhenius
equation.

5. The composition dependence of RO on the η* was theoretically
described based on the Lecyar model.

FTIR, Mechanical, and DMA Measurements. Fourier transform
infrared spectroscopy (FTIR) was studied for pure RO viscous material
and fully cured blends with epoxy resins of different concentrations.
The measurements were carried out using a Thermo Scientific Nicolet
iSTM 10 FTIR spectrometer based on attenuated total reflectance
(ATR) absorbance mode using a Harrick diamax with a diamond ATR
crystal. A total of 128 scans were collected and the resolution was 0.482
cm−1.
The dynamic mechanical analysis (DMA)measurements of different

fully cured epoxy/RO blends were carried out using a Q800 dynamic
mechanical analyzer. Three-point bending tests for rectangular-shaped
samples of approximately 3.0 mm thickness, 30 mm length, and 12 mm
width were investigated from−20 to 200 °C at a 3 °C/min heating rate
and 1 Hz frequency under a nitrogen atmosphere. The DMA
measurements were employed to evaluate the glass transition
temperature (Tg) from the temperature at the peak maximum of tan
δ. The storage modulus at low temperatures, lower than the Tg, and the
cross-link density of the different epoxy/RO blends were also evaluated.
The tensile properties were carried out using an Instron machine

5582 according to the ASTM D638 method at a 5 mm/min strain rate.
Five samples were measured for each blend composition. A high-
resolution noncontact laser extensometer was used for accurately
evaluating the elongation at break for marked dog bone specimens.

■ RESULTS AND DISCUSSION
Curing Kinetics of Baseline. The viscoelastic properties at

the gel point have universal fundamental behavior due to the
change in molecular weight, chain length, molecular dynamics,
mechanical properties, etc. Real-time investigation ofG′,G″, η*,
and tan δ at a temperature range in the vicinity of the gel point is
one of the most accurate methods commonly used to evaluate
the gel point and monitor the progress of the gelation process
from the sudden increase in the viscoelastic parameters at the
onset of the gelation process. The molecular weight increases
dramatically at the gel point, and the material loses its flow even
at high temperatures. At the gel point, a huge increase in the
molecular weight of the material is normally expected, where the
existence of one long chain running through the whole system
with a sudden loss of flow is the most common criterion of gel
formation.
Figure 2a shows the temperature dependence ofG′ andG″ for

the control sample at 1 rad/s angular frequency in the linear
viscoelastic regime (1% strain) at a 2 °C/min heating rate. At a
low-temperature range lower than the gel temperature (Tgel), the

G″ is higher than the G′, indicating that the sample has a liquid-
like behavior. The G′ and G″ curves cross over at Tgel = 113 °C.
After that, bothG′ andG″ increased dramatically with increasing
temperature but G′ increased greatly and became significantly
higher thanG″. At very high temperatures in the late stage of the
curing process, the elevation of both G′ and G″ was less
temperature dependent due to the formation of an equilibrium
storage modulus (Geq), a typical criterion for a cross-linked
structure. The inset plot of Figure 2a demonstrates the η* as a
function of temperature at 1 rad/s angular frequency and 1%
strain. The η* behaved with temperature very similar to the
temperature dependence of G′ and G″ (i.e., the η* was not
significantly changed at a temperature range lower than Tgel and
dramatically increased above Tgel).
Accurately evaluating the value of Tgel from Figure 2a enables

us to investigate the curing kinetics from real-time measure-
ments of the viscoelastic material functions at different curing
temperatures in the vicinity of the Tgel. The lower the curing
temperature, the longer the curing time and the higher the gel
time (tgel). The tgel can be evaluated from the crossover time of
G′ andG″ at a constant temperature and an angular frequency in
the linear viscoelastic regime. Figure 2b shows the curing time
dependence of G′, G″, and tan δ at 55 °C. Clearly, G″ is higher
than G′ at the time range lower than the tgel and both of them
increased significantly with increasing the curing time at 55 °C.
At tgel = 215 min, the G′ and G″ crossover, and G′ increased
more rapidly and became significantly higher than G″. It is also
clear from Figure 2b that there are two curing processes involved
in the cross-link reaction of this system. The first curing reaction
was started early at the beginning of the process up to 170min at
55 °C. In this curing stage, bothG′ andG″ increase dramatically
(approximately 4 orders of magnitude), but still G″ is higher
than G′ (liquid-like behavior). The second curing process starts
at a longer time, where G′ and G″ still increase with curing time
and coincide at tgel = 215 min, and G′ increases more rapidly
than G″ due to the formation of three-dimensional networks.
The two curing processes can be observed in the time
dependence of the tan δ value of Figure 2b. The two processes
were observed as two peaks in the tan δ curve at 75 and 175 min,
respectively. The two processes are involved in the progress of
the cross-link reaction, but the time to complete the first process
is not enough to generate a gel structure and it only covers the
initial stage of the curing process. During the first process, a
considerable increase in viscosity, G′, and G″ was observed
without the formation of a network structure or before reaching
the gel point. The second process is a continuation of the first
cross-link reaction, and the gel point was observed from the

Figure 2. (a) Temperature dependence of G′ and G″ at 1 rad/s and 1% strain rate in the linear viscoelastic regime. The inset plot illustrates η* at
different temperatures. The measurements were carried out at a 2 °C/min heating rate. (b) Curing time dependence ofG′,G″, and tan δ at 1 rad/s and
1% strain rate in the linear viscoelastic regime. The arrows show the tgel = 215 min and tan δ = 1.0 at the tgel.
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crossover point of G′ and G″ at 215 min as mentioned above. At
the tgel, tan δ = 1.0, as shown by the arrow in Figure 2b. At curing
times longer than the tgel, the curing reaction proceeds, and the
formation of three-dimensional polymer networks is charac-
terized by G′ > G″. Furthermore, the values of G′ and G″ reach
near-equilibrium or become less curing time dependent.
The curing kinetics and activation energy of the curing

process can be studied from the values of tgel at different constant
temperatures. Figure 3a shows the curing time dependences of
G′ andG″ at different curing temperatures. Obviously the higher
the curing temperature, the shorter the tgel, where the curing
reaction accelerated greatly by increasing the curing temper-
ature. For example, the tgel at 55 °C is 215min, while the value of
the tgel at 110 °C is about 19 min, as clearly shown by the arrows
in Figure 3a. The crossover point between elastic and viscous
moduli at a constant angular frequency is identical to the point
obtained from the multifrequency mode according to the
Chambon and Winter method. The obtained data are in good
agreement with tgel, previously determined from the point of
intersection in tan δ vs gelation time over a wide range of angular
frequency, where tan δ was found to be independent of angular
frequency and all curves cross over, according to the Winter−
Chambon criterion. The value of tgel obtained from the
coincidence of G′ and G″ was in excellent agreement with that
obtained from the Winter−Chambon method for thermal-
induced gelation of water-based polyurethane dispersion.51

The η* at different isothermal curing temperatures showed
behavior similar to that of G′ and G″ in Figure 3b. The η*
increased dramatically with increasing curing time and reached a
near equilibrium stage, at which the viscosity increased by about
6 orders of magnitude and became less curing time dependent.
The near-equilibrium value of η* is strongly dependent on
curing temperature and curing time. The higher the curing
temperature, the shorter the time required for the viscosity to
reach the near-equilibrium value (approximately 5 × 106 Pa·s).

Based on the preceding discussion, it appears that the
rheological parameters including G′, G″, η*, and tan δ of the
current system are very sensitive to the formation of chemically
cross-linked structures and the curing kinetics can be evaluated
rheologically. The curing kinetics of the thermal-induced cross-
link reaction can be investigated by determining the apparent
activation energy (Ea).

65 This method is based on determining a
single value of activation energy for an overall process and
neglecting the effect of changes in the reaction mechanism and
degree of conversion at different temperatures. This approach is
widely used in literature, and the value of Ea can be determined
according to Arrhenius equation:65

t
E

RT
ln( ) constantgel

a= +
(1)

where R is the universal gas constant andT is the absolute curing
temperature. The value of Ea can be simply calculated from the
slope of the linear relationship between ln(tgel) and the inverse of
the absolute temperature (1/T), as seen in Figure 3c. The
obtained Ea for this system was 44.7 kJ/mol, very close to the
activation energy of many other thermosetting systems reported
in the literature and calculated according to the Malkin and
Kulichikhin model, isoconversional method, and model-free
kinetics.66,67

Recycling Process of Epoxy Resin. The successful
recycling process of epoxy resins used in the winding process
of CF is a very crucial and required step for recycling the
expensive and energy-intensive CF. The fully cured aliphatic
amine-based (Epon826−20%F400−1% VPS−T403) formula-
tion was cut into small pieces and then depolymerized via
solvolysis in a solution of water, zinc chloride, and acetic acid at
240 °C in a pressure vessel, as mentioned in the Experimental
section. We successfully depolymerized the fully cured epoxy
resin into a RO viscous liquid as shown in Figure 4.

Figure 3. (a) Curing time dependence ofG′ andG″ at different constant curing temperatures (the tgel = 215 min obtained from the crossover points of
G′ and G″ as shown by the arrow). (b) Curing time dependence of η*h* at different constant curing temperatures. (c) Absolute inverse temperature
(1/T) dependence of tgel for the isothermal gelation process of the control epoxy system. This figure is for the control sample.
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The ROwas washed with DI water and dried at 60 °C for 15 h
in a vacuum oven. The yield of RO reached an average of 93.3%
(see the table in Figure 4). The FTIR result for RO exhibited
strong fully cured epoxy peaks and high oxidation peaks. To
evaluate the utilization of the RO in the manufacturing of
thermosetting materials, the RO was mixed with pure epoxy
resin with different concentrations, namely 15, 25, 40, and 50 wt
% RO. The obtained blends were homogeneously mixed with
the hardener at room temperature using a Mazerustar planetary
mixer and fully cured according to the curing schedule described
in the Experimental section.
The FTIR was performed for the blends of epoxy/RO of

different concentrations. According to the FTIR data shown in
Figure 5, the pure RO (viscous liquid) showed the highest
intensity for the FTIR oxidation peak obtained from the
carbonyl index. The blends of the RO with the pure epoxy
showed a lower intensity of the oxidation peak based on the
different contents of the RO; the higher the content of RO the
higher the intensity of the oxidation peak. The pure epoxy
without any RO showed the lowest intensity peak for oxidation.
The oxidation occurs during the depolymerization process, and
this is why the pure RO has the highest oxidation compared to
that of the pure epoxy. The FTIR stretching epoxy peak, v(C−
O), was also evaluated and found to be strongly dependent on
the content of the RO. The blends with lower contents of RO
have higher epoxy curing contents according to the epoxy peak
intensity ratio shown in Figure 5a. The FTIR data are also
summarized in Figure 5b, where the carbonyl and epoxy peak
intensities were evaluated and demonstrated as a function of
blend compositions. The original or pure epoxy resin showed
the minimum carbonyl peak intensity. The carbonyl group
intensity of the pure RO is themaximum and decreases gradually
with decreasing content of RO. In addition, the epoxy curing
peak intensity was also the maximum for the RO and decreased
dramatically for pure resin and slightly increased with increasing
content of RO. No uncured epoxy peaks were detected, and no
free amine groups were observed in the FTIR spectrum as shown
in Figure 5.
Viscosity of Epoxy/ROUncured Blends.The effect of RO

on the flow behavior and viscosity of uncured epoxy resin must
be investigated to understand the processing behavior and
applications of recycled/epoxy blends. The η* of the uncured

epoxy/RO blends (no hardener) as a function of angular
frequency for different RO contents at 20 °C are depicted in
Figure 6a. The η* of the pure epoxy resin increased significantly
with increasing content of RO. It is also obvious that the η* of
the RO is about 3 orders of magnitude higher than that of the
pure epoxy at the same temperature and angular frequency. All
of the blends of different RO concentrations showed Newtonian
behavior over the entire range of angular frequency (i.e., η* is
constant regardless of the different values of the angular
frequency). For pure RO, the complex viscosity showed
Newtonian behavior at low angular frequencies ranging up to
25 rad/s and then decreased considerably at high values of
angular frequency (non-Newtonian behavior). The angular
frequency dependence of η* for epoxy/RO blends of different
contents at 20 °C can be described by the Cross model:68

( )1

0

c

* =
+

(2)

where η0 is the zero-shear viscosity, β is a material constant
depending on the nature of the blend composition, andωc is the
critical angular frequency, which can be evaluated from the point
at which the η* decreases to its half initial value. The Cross
model (eq 2) was employed to evaluate η0 as a fitting parameter
to the experimental data of Figure 5a. The solid lines in Figure 6a
were computed from the Cross model using η0, β, and ωc as
fitting parameters. The experimental data were found to fit well
with the Cross model.
The epoxy/RO blends with different compositions showed

homogeneous mixtures with no phase separation (i.e., visually
clear, and no morphology was observed under an optical
microscope). Based on the FTIR data in Figure 5, the RO has no
unreacted epoxy groups; therefore, the epoxy/RO blends will
not copolymerize but will form semi-interpenetrating networks
as one blend component (epoxy resin) and will thermally cure at
high temperature by adding a hardener. The other component
(RO) will act as plasticizer with no contribution in the curing
reaction, which might decrease the cross-link density and Tg of
the fully cured epoxy resin. The effect of RO on the mechanical
and thermomechanical (DMA) properties, as well as the cross-
link density, will be studied in the next section.
The composition dependence of η0 obtained from fitting the

experimental data of Figure 6a to the Cross model is shown in
Figure 6b. As just mentioned, the epoxy resin/RO can be
described using a miscible polymer mixtures equation, such as
the Lecyar model:69

Aw Bw Cw w Dw wln b 1
3

2
3

1
2

2 1 2
2= + + + (3)

where ηb is the η0 of the blend and w1 and w2 are the weight
fractions of epoxy resin and RO, respectively. The constants A−
D are material parameters that depend on temperature and
angular frequency. The composition dependence of η0 obtained
from fitting the experimental data in Figure 6a to the Cross
model is shown in Figure 6b. The symbols are the experimental
data, and the solid line was calculated from the Lecyar model. An
excellent description of the data was obtained by the Lecyar
mode. The dashed line demonstrates the linear rule obtained
from eq 4:

w wln ln lnb 1 1 2 2= + (4)

where η1 and η2 are the zero-shear viscosity of epoxy and RO,
respectively. The linear relation described by the dashed line

Figure 4. Pictures of the fully cured epoxy and its recycled oligomers
(RO) from the solvolysis process. The table summarizes the number of
samples of the crushed epoxy, their weight in comparison with the
amounts of RO of each sample, and their yield %.
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shows how the experimental data greatly deviated from the
linearity in a semilogarithmic scale. The positive deviation from
the linear mixing rule might suggest that the mixtures of the
uncured epoxy with RO have a strong physical interaction

compared to the common miscible thermoplastic polymer
blends in the melt state. The effect of RO on the curing kinetics
and mechanical and dynamic mechanical thermal analysis
(DMA) will be investigated in the next section.

Figure 5. (a) FTIR spectrum of recycled oligomers/epoxy resin blends and their stretching epoxy and carbonyl peak intensities as a function of blend
composition. (b) FTIR peak intensities for C=O/C−H and cured epoxy/C−O of different compositions.

Figure 6. (a) Angular frequency dependence of η* for epoxy/RO blends at 20 °C (uncured blends). The lines are computed from the cross model. (b)
η* as a function of the weight fraction of RO at 20 °C. The line is computed from the Lecyar model (eq 3). The dashed line shows the linear behavior
(eq 4).
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Effect of RO on the Curing Kinetics and Mechanical
and Thermomechanical Properties. To study the effect of
RO on the curing kinetics of epoxy resin, the RO with different
contents mixed with pure resin and hardener; after that, the
nonisothermal curing kinetics were investigated rheologically by
measuring the dynamic G′ and G″ at 1 rad/s angular frequency
and 1.0% strain at 2 °C/min heating rate. The Tgel values
obtained from the crossover point ofG′ andG″ for the blends of
different concentrations were in the range of 111−116 °C. This
change in the value of Tgel with different concentrations of RO is
mainly because the Tgel is not a single value from the crossover
point ofG′ andG″, but the overlap betweenG′ andG″ occurred
over a temperature range at which G′ and G″ coincided, as
clearly seen in Figure 7. For example, the overlap between G′
andG″was observed at a temperature range of 110 to 114 °C for
pure epoxy resin. Therefore, we can conclude that the impact of
RO on the Tgel and curing kinetics is not significant. The

equilibrium elastic modulus, Geq obtained from the plateau of
the G′ at high temperature (e.g., 170 °C) was evaluated from
Figure 7. The Geq decreased with increasing the content of RO.
It is also clear that the Geq decreased slightly at low and high
concentrations of RO (15 and 50 wt %), while it decreased
dramatically in the 25 and 40 wt % concentration range, as seen
in Figure 7f. This considerable decrease in the Geq with
increasing the concentration of RO in the blend also indicated
that the RO has no reactive epoxy groups and can act as a
plasticizer to decrease the cross-link density and not
copolymerize with the pure epoxy resin. The isothermal curing
kinetics at different constant curing temperatures for the epoxy
resin/RO blends was investigated, and the Ea was evaluated. The
Ea = 46± 2 kJ/mol regardless of the contents of RO. This data is
in good agreement with the nonisothermal curing kinetics just
mentioned above and described in Figure 7. Based on this find, it
appears that both isothermal and nonisothermal curing kinetics

Figure 7. Temperature dependence ofG′ andG″ for epoxy/RO blends with different contents: (a) pure epoxy, (b) blend with 15 wt % RO, (c) blend
with 25 wt % RO, (d) blend with 40 wt % RO, and (e) blend with 50 wt % RO. The arrows show the value of Tgel for each blend composition. (f)
Composition dependence of Geq.
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have no significant impact by adding different contents of RO to
the baseline epoxy resin. The effect of RO on the mechanical
properties of the epoxy resin was also investigated. The content
of the RO was strongly influenced by the mechanical properties
of the pure epoxy resin, as shown in Figure 8. Significant
increases in the modulus by 40% and 20% were observed for
epoxy resin/RO blends with 15 and 25 wt % RO, respectively.
An increase in the tensile strength by 17.5%, a decrease by
−5.9%, and a decrease in the elongation by −49% and −61%
were also observed for the same blend concentrations (15 and
25 wt % RO, respectively). Based on the above, the blends with
15 and 25 wt % RO have a promising mechanical behavior that
can be improved with reactive modifiers or coupling agents to be
comparable to or exceed the baseline (pure epoxy). Low
contents of RO up to 25% in the epoxy/RO blends showed a
higher modulus than the pure epoxy. This is not a common
behavior, but it has been reported many times in different
systems in the literature. The behavior is related to the strong
physical interaction between the components of the polymer
blend. This strong physical interaction can also create polymer
blends withTgs values higher than those of the pure components.
For example, an increase in the modulus by approximately 6%
was observed in the PMMA/PLA blends. The tensile strength of
the blend (PMMA/PLA) showed an 11% increase compared to
the pure blend components.63 A positive deviation from the
linear mixing rule of composition dependence of Tg was also
observed for poly(ether imide)/polybenzimidazole and
PMMA/cellulose acetate hydrogen phthalate. The behavior
was attributed to the strong physical interaction between the
polymer components.64 Therefore, the increase in the modulus
and stress at break for epoxy/RO with 15% and 25% RO is not
surprising at all. The epoxy resin/RO blend with 50 wt % RO
was very soft and sticky, so we could not perform the machinal

tests for this blend. The blend with 40% RO was successfully
prepared, and we could measure the mechanical properties of
this blend. We found that the modulus and tensile strength
decreased dramatically from 3000 and 60 MPa for pure epoxy
resin (baseline) to 1300 and 14.5 MPa for the blend with 40 wt
% RO, respectively. However, on the other hand, the blend with
40 wt % RO showed a dramatic increase in elongation from 6%
for pure epoxy resin to about 42% elongation for the blend. The
high concentration of the RO leads to a considerable decrease in
the Tg and the cross-link density (see next section) and greatly
improves the flexibility and decreases the modulus and strength,
as mentioned above. These data suggested that the RO does not
react chemically or copolymerize with the epoxy baseline, but it
acts as a good miscible plasticizer that improves the strain at
break and decreases the Tg and tensile strength.
The DMA for fully cured blends of epoxy resin/RO of

different contents was also investigated over a wide range of
temperatures (−20 to 200 °C) at 1 Hz with a 3 °C/min heating
rate. Figure 9a shows the temperature dependence of the storage
modulus (E′) and tan δ. One can see that, for all blends except
the 50 wt % RO, only one tan δ peak systematically shifted to
lower temperatures with increasing content of RO. The
systematic shifting to lower temperature in the tan δ peak
maximum with increasing the content of RO indicates that the
epoxy resin and the RO are miscible with up to 40 wt % RO. For
the 50 wt % blend, two tan δ peaks were observed, one at about
50 °C and the other one at 25 °C. The observation of two tan δ
peaks for the 50% RO blend suggested that there is a phase
separation between epoxy resin and RO. The storagemodulus of
all blends is the same at the low-temperature range, lower than
the glass relaxation process, in the glassy state below the Tg. This
observation is very useful for the applications of these blends at a
low-temperature range, in the glassy state, below the Tg where

Figure 8. Stress−strain curves for fully cured epoxy resin/RO blends with different contents of RO.

Figure 9. (a) Temperature dependence of E′ and tan δ for epoxy resin/RO blends with different contents of RO at 1 Hz with a 2 °C/min heating rate.
(b) Dependence of Tg and cross-link density (υe) on the content of RO for epoxy resin/RO blends.
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the RO has no significant impact on the stiffness of the blends in
this low-temperature range. The Tg can be obtained from the
temperature at the peak maximum of tan δ, which decreases
linearly with increasing content of RO, as seen in Figure 9b
(presenting only one Tg at 25 °C for the 50 wt % blend).
The plateau storage modulus at high temperatures above the

tan δ peak decreased significantly with increasing the content of
the RO. The cross-link density can be determined from the
plateau modulus of E′ at 45 °C above the Tg according to the
rubber elasticity theory, as described in the following equation:70

E RT3 e= (5)

where υe is the cross-link density, E′ is the storage modulus at 45
°C above theTg of each blend composition, R is the universal gas
constant, and T is the absolute temperature. The cross-link
density of the pure epoxy decreases linearly with increasing
content of RO. The data of the 15 and 25 wt % blends still
showed one phase structure with one Tg and good cross-link
density that can be developed to exceed the corresponding
values of the baseline by adding a small amount of reactive
modifier and/or a coupling agent blend, which will be the topic
of our next publication. The mechanical properties (modulus,
tensile strength, and elongation at break), Tg, Tgel, Ea, υe, E′ (at
10 °C), and η0 for epoxy resin/RO blends of different
concentrations of RO are summarized in Table 1.

■ CONCLUSION
A chemical depolymerization of fully cured epoxy resin with a
20% reactive modifier and 1% coupling agent was successfully
achieved via a solvent-assisted solvolysis process at 240 °C and
650 psi for 4 h in a solution of 70% water, 20% zinc acetate, and
10% acetic acid in a pressure vessel as a potential chemical
recycling process. Approximately 93% yield of RO was obtained
as a brown transparent viscous fluid that was found to be
homogeneouslymiscible with the pure epoxy resin with different
concentrations up to 40 wt % RO. The FTIR showed no
evidence for the presence of reactive epoxy groups in the
chemical structure of RO but only cured epoxy chemical groups
with a high-intensity oxidation peak evaluated from the carbonyl
index. The excellent miscibility of RO with epoxy resin without
any chemical modification or functionalization suggested that
the RO can be utilized to create thermoset materials with
comparable mechanical and rheological properties to that of the
pristine epoxy resin. The chemical structure of RO with no
reactive groups implied that the fully cured epoxy resin/RO
blends created semi-interpenetrating networks that have a
thermoset epoxy resin miscible with the low molecular weight
RO trapped between the network structure. It is also concluded
that the RO was not copolymerized with pure epoxy resin or
contributed any role in improving the cross-link structure. The
η0 for epoxy resin/RO blends was evaluated as a function of the
RO content from the angular frequency dependence of η*
according to the Cross model. The η0 showed a positive

deviation from the linear mixing rule and was well described by
the Lecyar model. The isothermal and nonisothermal curing
kinetics for epoxy resin/RO blends of different concentrations
were investigated rheologically by monitoring the change in the
rheological parameters G′, G″, η*, and tan δ as a function of
curing time, temperature, and angular frequency. The RO was
found to have an insignificant effect on the curing kinetics,
including Tgel, tgel, and Ea. The Ea was evaluated from the
temperature dependence of tgel according to the Arrhenius
equation and was found to be 46 ± 2 kJ/mol for all epoxy resin/
RO blends, regardless of the different blend compositions. Only
one tan δ peak shifted systematically to lower temperatures
when increasing the content of the RO up to 40 wt % RO,
indicating that the epoxy resin and the RO are miscible with a
single glass-relaxation process and Tg for each blend
composition. The cross-link density was determined from the
plateau modulus of E′ at 45 °C above the Tg according to the
rubber elasticity theory and was found to decrease linearly with
increasing the RO content. The RO had strongly influenced the
mechanical properties of the pure epoxy resin with significant
increases in the modulus by 40% and 20% for epoxy resin/RO
blends with 15 and 25 wt % RO, respectively. Dramatic
decreases in the elongation by −49% and −61% were also
observed for 15 and 25 wt % RO, respectively. The blends with
15 and 25 wt % RO have promising mechanical behaviors that
can be improved with reactive modifiers or coupling agents to be
comparable to or exceed the baseline (future work).
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