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ABSTRACT: Bisphenol A-based epoxy thermosets involve both
environmental and health risks. By reacting a vegetal oil-based
epoxide with an aromatic diacid containing S−S bonds a thermoset
is produced. Herein, reprocessable thermosets were synthesized, the
recyclability being designed through a dual mechanism: that of
disulfide metathesis and of transesterifications. To assess the
feasibility of the reprocessing, a series of 10 initiators was tested to
probe their effect not only on the cross-linking reaction but also on
the recyclability. This study introduces for the first time the key role
of the initiator on the material performance and on their
reprocessing. A very good reprocessability was obtained for
thermosets prepared using as initiator the imidazole. Moreover, the thermosets exhibit complete chemical recyclability in 1 N
NaOH at 80 °C, after 3 days, without needing additional chemicals. The reprocessed materials have similar performance with the
virgin ones, even after 10 cycles of reprocessing.

KEYWORDS: Epoxidized linseed oil, Dynamic hardener, Recyclability, Transesterification reaction, Disulfide exchange reaction

■ INTRODUCTION

The polymeric materials are mainly classified into two groups,
as thermoplastic and thermosetting, in relation to their own
properties when subjected to heating. The first group is formed
by linear or slightly branched chains, and after increasing the
temperature, they melt and can be reprocessed. Some of these
materials are recyclable. The thermosetting materials include
3D networks like epoxy resins with excellent thermal and
chemical stability; moreover, being constituted by cross-links
and strong covalent bonds, the whole mobility of the
macromolecule is limited. After cross-linking, the material
becomes infusible and insoluble and its reprocessing
impossible. Therefore, once damaged or at the end of life,
the materials of the second group are treated as waste and
disposed in landfills, leading to an increase of product costs
and causing as well serious environmental and social
consequences. For this reason, in recent years interest in
recyclable and reprocessable plastics has grown increasingly,
especially for thermosets1−9 and fiber-reinforced epoxy
composites. To overcome the conventional problems of
these polymers, a solution was found by introduction of
dynamic interconnections in the thermoset network10−13 based
on associative exchangeable covalent bonds in which the
chemical linkages can be broken and reformed. Consequently,
the dynamic character of the network is shown by changing its
topology; otherwise, the number of cross-links established
between inter- and intramolecular polymer chains remains
constant. Leibler et al.14 pioneered a malleable and recyclable

thermoset, called “vitrimer”, by an epoxy−acid curing system.
The underlying concept that allowed us to achieve this
intrinsic property is based on a transesterification reaction. The
authors demonstrated that the exchange reaction could be
accelerated by catalysts such as 1,5,7-triazabicyclo[4.4.0]dec-5-
ene (TBD),15 1,2-dimethylimidazole (1,2-DMI),16 or zinc
acetate (Zn(OAc)2).

14 Qi et al.2 proved for diglycidyl ether of
bisphenol A (DGEBA) and a mixture of fatty acids (Pripol
1040) system in the presence of 5 mol % of Zn(OAc)2 that the
reprocessing and recycling can be achieved. Along with
transesterification, Odriozola et al.5,7 designed reshapable and
recyclable thermosets by introducing disulfide dynamic
chemical cross-links on DGEBA networks. The authors
showed that the dynamic character of S−S metathesis is also
attractive because of its multiple responsive characteristics. For
example, instead of a two-step process as in Diels−Alder
exchange reactions, the self-healing of polymers containing S−
S bonds can occur only in one step.17 By taking these
advantages, we can design new epoxy thermosets with a dual
intrinsic exchange mechanism. However, most of the above
examples use DGEBA as epoxide monomer, which is prepared
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by the condensation reaction between bisphenol A (BPA) and
epichlorohydrin.18−21 The harmful risk of BPA on the
environment and especially on human health as an endocrine
disruptors has been proved and published.22−24 Global
ecological issues are requiring sustainable development of the
polymer industry. For this reason, our attention focused on
epoxidized vegetable oils,1,25−27 in particular, on epoxidized
linseed oil (ELO), as starting materials due to their relatively
low cost and high epoxy content. In this work, we report the
preparation and characterization of new biobased recyclable
and reprocessable epoxide thermosets using a disulfide-
containing dicarboxylic acid (DCA) as curing agent in the
presence of several imidazole derivatives, N-heterocyclic or
amines, as initiators. To our knowledge, this study introduces
for the first time the influence of the initiator on the
reprocessing ability and on the thermosets performance. The
objective of this study is to emphasize that the initiators not
only play a key role on the epoxy−diacid copolymerization
reaction but have a more extended impact. Therefore, their
influence on the thermosets thermomechanical performance
and recyclability is studied in this work. Three groups of
nitrogen Lewis base initiators were selected. The first group
includes two tertiary amines N,N-dimethylbenzylamine
(DMBA) and 2,4,6-tris(dimethylaminomethyl) phenol
(DMP30); this kind of initiator is currently used for the
epoxy ring opening. The second group comprises the
heterocyclic nitrogen initiators including dimethylaminopyr-
idine (DMAP), imidazole (IM), 1-methylpiperazine (1-MP),
and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD). Finally, the last
group focuses on the imidazole and its derivatives. Imidazole
was initially selected as the reference initiator due to its high
reactivity and relatively low cost.28−32 IM is an amphoteric
molecule behaving both as a donor and as an acceptor center
with two nitrogen atoms. To comprehend how the substituent

groups on the imidazole ring have an influence on the reaction
and network behavior, 1-N- and 2-N-substituted imidazoles
were studied. The prepared networks, containing S−S dynamic
bonds via the hardener structure, are therefore able to
rearrange by dual-simultaneous exchange reactions: disulfide
metathesis and carboxylate transesterification. The thermoset
synthesis, the role of the initiators, and the network
reprocessing are illustrated in Figure 1. The reactivity study
of the novel formulations was realized by in situ Fourier
transform infrared spectroscopy (FTIR) and differential
scanning calorimetry (DSC). The physical and thermome-
chanical properties of the virgin thermosets and of the
reprocessed materials were analyzed by DSC, thermogravi-
metric analysis (TGA), and dynamic mechanical analysis
(DMA).

■ MATERIALS AND METHODS
Materials. The initiator structures used in this study are shown in

Figure 2.
The epoxidized linseed oil (ELO) was obtained by Valtris Specialty

Chemicals. The hardener and all of the initiators were purchased from
Sigma-Aldrich and used as received without further purification:
DTBA (2,2′-dithiodibenzoic acid, 95%), IM (imidazole, 99%) (Figure

Figure 1. Synthesis of epoxidized linseed oil (ELO)/2,2′-dithiodibenzoic acid (DTBA) cross-linked structures, and network rearrangement by
simultaneous exchange reactions: disulfide metathesis and carboxylate transesterification.

Figure 2. Chemical structure of 10 studied initiators.
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2a), 1-MI (1-methylimidazole, 99%) (Figure 2b), 2-MI (2-
methylimidazole, 99%) (Figure 2c), 1,2-DMI (1,2-dimethylimidazole,
97%) (Figure 2d), 2E4MI (2-ethyl 4-methylimidazole, 95%), (Figure
2e), DMBA (N,N-dimethylbenzylamine, 99%) (Figure 2f), DMAP
(dimethylaminopyridine, 99%) (Figure 2g), DMP30 (2,4,6-tris-
(dimethylaminomethyl) phenol, 95%) (Figure 2h), 1-MP (1-
methylpiperazine, 99%) (Figure 2i), and TBD (1,5,7-
triazabicyclo[4.4.0]dec-5-ene, 98%) (Figure 2j). The reagents
structure and their physicochemical characteristics are summarized
in Table S1.
Samples Preparation. The curing formulations were prepared at

a 1:1 ratio between epoxy and acid groups, according with Dusek et
al.33 First, the epoxy monomer was heated to around 80 °C to
decrease the viscosity. Thereafter, the selected initiator was added at 1
wt % and mixed until homogenization. At this point the mixture was
introduced to the hardener. Each formulation was stirred at 80 °C for
10 min, placed into a silicone mold, and cured in an oven. The curing
and postcuring protocols for preparation of the thermosets were
determined based on a DSC study of the reactivity (Figure S1), the
protocol being displayed in Table S2.
According to this procedure, the samples for DMA analysis were

prepared in special rectangular molds.
Analytical Methods. Differential Scanning Calorimetry (DSC).

DSC measurements were carried out on a Mettler-Toledo DSC 3
apparatus controlled by STAR Software developed by Mettler-Toledo.
The instrument heat flow and temperature were calibrated in 3 points
using water, indium, and zinc standards. Samples of 8−12 mg were
placed into 40 μL aluminum crucibles. The DSC was used for study of
the copolymerization reactivity and the glass transition of the
obtained resins using a heating rate β of 10 °C·min−1 over a
temperature range from 0 to 220 °C for the copolymerizations and
from −80 to 180 °C for the Tg studies.
Fourier Transform Infrared Spectroscopy (FTIR). The FT-IR

spectra of the samples were recorded using a Thermo Scientific
Nicolet iS50 FT-IR spectrometer with a deuterated L-alanine-doped
triglycine sulfate (DLaTGS) detector in attenuated total reflectance
(ATR) mode. The absorption bands were recorded in the range of
4000−525 cm−1 with 32 scans and a resolution of 4 cm−1. The data
were analyzed using OMNIC software. Conversion of functional
groups at time (t) is denoted as percent and defined by eq 1

=
−

×
( ) ( )

( )
t

%
0

0
100

A

A

A

A

A

A

functional groups

1586

functional groups

1586

functional groups

1586 (1)

The area absorbance peaks were calculated and reported at the initial
time (A0) and at different times (At). The selected peak at about 823
cm−1 corresponds to the oxirane C−O groups, that at 895 cm−1

corresponds to carboxylic groups, while the peak at 1586 cm−1 is the
reference band belonging to the δC=C of the aromatic signal.

Thermogravimetric Analysis (TGA). TGA measurements were
carried out on a Mettler-Toledo TGA 2. The microbalance has a
precision of ±0.1 μg. Samples of about 10 mg were placed into 70 μL
alumina pans. To characterize the thermal stability of the thermosets,
the samples were heated at 10 °C.min−1 from 25 to 1000 °C under 50
mL.min−1 air flow.

Dynamic Mechanical Analysis (DMA). DMA analyses were
performed using a Mettler-Toledo DMA 1 instrument equipped
with STAR software. The analyzed samples had rectangular
dimensions of 30 × 7 × 2 mm3 (length × width × thickness). Each
thermoset system was analyzed 3 times, and the values were averaged.
The DMA was operated in the temperature-scanning mode with a
constant displacement amplitude and frequency using the tension
method for analysis of virgin and recycled materials. Elastic modulus
values (E′) and damping factor (tan δ) were collected at a 3 °C·min−1

heating rate from −80 to 170 °C and 1.0 Hz frequency. The glass
transition value was assigned at the maximum of damping factor (tan
δ = E′′E′).

Cross-linking density was calculated by eq 2

= ′
v

E
RT3 (2)

where E′ is the storage modulus of the thermoset in the rubbery
plateau region at Tg + 50 °C, R is the gas constant, and T is the
absolute temperature in Kelvin. The obtained value was used to
calculate the molecular weight (Mc) of the segment chains between
the cross-links

δ=M
vc (3)

Figure 3. (A) Comparison between the FTIR spectra of the ELO/DTBA reactive mixture without initiator and that of the ELO/DTBA reactive
mixture with DMBA, DMAP, and IM. (B−D) FITR spectra of ELO/DTBA final thermosets in comparison to reactive mixture: (B) whole
spectrum; (C) zoom in the region 3800−2000 cm−1; (D) zoom in the region 1780−1570 cm−1.
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where δ is the density of the thermoset resin.
Density Calculation. The sample densities were determined by

measuring the volume of each sample and its weight obtained using a
Mettler Toledo ML 3002T precision balance (±0.0001 g).
Solvent Stability. The resin swelling test was performed in different

solvents: methanol, acetone, and toluene. A piece of each material
(virgin and reprocessed) was left in the selected solvents for 24 h, and
the weight was followed over the time. The swelling factor was
calculated according to eq 4

=
−

Q
m m

m
s u

u (4)

where ms and mu are the swollen and unswollen sample mass. The
same procedure was applied for virgin and reprocessed materials. The
materials solvent stability was also studied in stronger solvents as
tetrahydrofuran, dimethyl sulfoxide, 1 N NaOH, and 1 N HCl for 3
days at 80 °C.
Reprocessing Procedure. To test the mechanical reprocessing, the

cross-linked thermosets were reduced in small pieces. Thereafter, the
obtained grinded material was compressed between two Kapton films
and reprocessed with the help of a CARVER manual heating press at
temperatures in the range 150−170 °C under a pressure of ∼60 bar.

■ RESULTS AND DISCUSSION
The protocol of the curing and postcuring processes was
determined for each formulation by differential scanning
calorimetry DSC studies (Figure S1 and Table S2). An
equimolar ratio between acid and epoxide functional groups
was used for preparing the formulations. Ten initiators were
selected to study their effect on the curing reaction. An
initiator percentage of 1% of mixture mass was found as
optimal, as studied and deduced in a previous study.34 As
highlighted in Table S2, the ELO−DTBA cross-linking study
illustrates the initiator efficiency by lowering the activation
energy of the reaction and accelerating the curing rate. Due to
a very low reactivity, the noninitiated system was discarded.
Structural Investigation of ELO/DTBA Copolymeriza-

tion by FTIR. To highlight the structural evolutions between
the initial ELO/DTBA reactive mixtures and those of the final
thermosets a series of FTIR analyses was performed. To these
studies was added the comparison with the systems (mixtures
or thermosets) prepared with or without the selected initiators.
The obtained results are presented in Figure 3. Considering
that only 1.0 wt % of initiator is present in the reactive mixture,
Figure 3 A shows that all ELO/DTBA systems, with and
without initiators, have similar spectra. Therefore, the initiator
signals are negligible compared to that of ELO and DTBA.
In the spectra of reactive mixtures, the characteristic peaks of

the epoxy groups appear at 823 and 847 cm−1 32,35,36 while
those of the carboxylic groups, with very broad vibration
bands, are in the region of 3300−2300 and at 895 cm−1

assigned, respectively, to the O−H stretching and O−H
bending of the −COOH groups. Other characteristic peaks are
observed including the CO stretching of triglycerides’
ester of ELO at 1740 and 1673 cm−1 attributed to CO
stretching of DTBA. Compared with these reference peaks, we
notice in the FTIR spectra of all ELO/DTBA thermosets
complete disappearance of the oxirane peaks (823 and 847
cm−1) along with the appearance of the −OH band at 3550
cm−1. This result demonstrates a complete epoxide ring
opening via nucleophilic addition. By introduction of DTBA
acid as a hardener in the ELO network, the carbonyl stretching
band (CO) is shifted from 1673 cm−1 in DTBA to higher
frequency at about 1700 cm−1 for the newly created ester
(Figure 3D). This peak is proof of ester bond formation by

ELO/DTBA thermocuring copolymerization. However, at the
same time, other side reactions could involve the residual
epoxy functions via homopolymerization or etherifica-
tions.37−40 Depending strongly on the initiator efficiency,
these secondary reactions can be dismissed. As shown in
Figure 3B, in the presence of 1% of IM, complete
copolymerization was achieved as confirmed by the complete
disappearance of the epoxide and of the −OH from −COOH.
In the FTIR spectra of ELO/DTBA/No initiator thermoset or
that with inefficient initiators, like DMBA or 1-MP, we can
observe that the epoxide absorptions at 847 and 823 cm−1

disappear completely while the O−H band of the carboxylic
acid at 895 cm−1 is still present. For example, ∼50% of
−COOH remains unreacted in the ELO/DTBA/No initiator
or ELO/DTBA/DMBA thermoset system. This result
indicates extra consumption of epoxy groups in comparison
to that of the −COOH groups, meaning secondary reactions
like etherifications occur.41 On the basis of this observation,
copolymerization conversion was quantified by the peak area
of the −OH absorption of the carboxylic functions at about
895 cm−1 with reference to the aromatic peak at about 1586
cm−1 corresponding to CC stretching of the aromatic ring.
The obtained results are presented in Figure 4 and discussed in
detail in the next section.

Thermomechanical Analyses of ELO/DTBA Thermo-
sets: Comparison of Virgin and Recycled Materials. The
present work studies the ability of synthesized thermosets to be
reprocessable and recyclable and to analyze how the materials
properties are affected by the reprocessing. Table S5
summarizes the reprocessing parameters applied for each
system to obtain a completely reprocessed sample. As
illustrated in Table S7, the prepared thermosets have good
reprocessability that can be attributed to the combination of
two mechanisms: dynamic disulfide bonds and transester-
ification exchange as schematized in Figure 1. The temper-
ature, pressure, and time needed for recycling the ELO/DTBA
thermosets are lower compared with those reported for

Figure 4. Comparison between virgin and reprocessed ELO/DTBA/
Initiators thermosets: Tg values of virgin (blue) and reprocessed
(green) thermosets determined by DSC analysis correlated with the
copolymerization conversion (black) as calculated by FTIR analysis.
In the abscissa are indicated the initiators used for each ELO/DTBA/
Initiator system.
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DGEBA/4-aminophenyl disulfide (AFD) thermosets that
require a hot pressing at 200 °C and 100 bar for 5 min.7

It is well known that the polymer architecture topology is
deeply affected by the side reactions that can occur during
network building. For example, the etherification reactions can
introduce some branching points, therefore changing the
network cross-link density and thus impacting the final
properties. To evaluate the initiator influence on the network
properties, the Tg transitions were evaluated by DSC. The
obtained results are given in Figure 4, where we compare the
glass transitions of ELO/DTBA thermosets synthesized with
and without initiator. In the same figure we report also the
conversion of copolymerization, determined by FTIR.
Figure 4 illustrates very well the strong impact of the

initiator nature on the properties of the synthesized
thermosets. The efficiency of the initiator not only controls
the copolymerization mechanism but impacts the network
building, architecture, and so overall performance. It can be
observed in Figure 4 that the virgin thermosets present a large
variety of Tg from 13 to 76 °C for the thermoset prepared
without or with IM, respectively. Use of epoxidized vegetable
oil, with an aliphatic structure, formed materials with lower Tg
compared to those of DGEBA-based thermosets. Considering
the reprocessable systems, values of Tg ≈ 130 °C were
reported for a DGEBA/4-aminophenyl disulfide (AFD)
thermoset.5 Zhang et al.15 produced vitrimers based on
DGEBA/4,4′-dithiodibutyric acid (DTDA) with Tg ≈ 30 °C.
The impact of the aliphatic epoxide on the material properties
was studied by Altuna et al.42 for DGEBA mixed with different
amounts of epoxidized soybean oil (ESO). This epoxide
mixture was cured with methyltetrahydrophthalic anhydride
(MTHPA) in the presence of 1-MI initiator. The authors show
that the tan δ values decrease with ESO content from 108 to
57 °C for the fully ESO thermoset. Compared to these results,
we report in this work that by initiator influence we can
modulate the Tg from 13 °C for ELO/DTBA/without initiator
to ∼76 °C for ELO/DTBA/IM thermoset.
The obtained thermomechanical properties were compared

with that of the recycled materials. After reprocessing, similar
values were measured with a small decrease of Tg for all of the
studied systems (difference ΔTg ≤ 9 °C). In the same trend as

ELO/DTBA uncatalyzed virgin thermoset, its reprocessed
material also exhibits the lowest Tg (∼12 °C) combined with
the lowest copolymerization conversion; only ∼50% of
−COOH was converted. This result suggests a heterogeneous
thermoset network characterized by pending unbonded chains
of triglyceride and dicarboxylic acid. In contrast, the systems
with 1 wt % initiator show higher Tg values before or after
reprocessing. In the imidazole series, the synthesized
thermosets have comparable Tg values, except the system
with 2-MI that presents a low Tg. A similar behavior was
reported by Such et al.43 for the curing of the diglycidyl ether
of bisphenol A initiated by different imidazoles. According to
this study, the lower Tg of the network obtained in the
presence of 2-MI was attributed to a plasticizing effect of the
initiator. Figure 4 shows that the 2E4MI system displays a
lower copolymerization conversion in the imidazole series.
In the case of thermosets systems with 1-MP and DMP30,

reprocessing was more difficult, requiring a longer time and a
higher temperature. Among the 10 catalyzed thermosets,
ELO/DTBA/DMBA exhibits a lower Tg ≈ 37 °C for the virgin
and Tg ≈ 36 °C for the recycled material. This result could be
first related to the copolymerization conversion with only
∼50% of carboxylic functions converted in ester bonding with
the ELO network (Figure 4). Therefore, it can be also
correlated to a low cross-linking density that allows a certain
chain mobility and consequently a low Tg value. Hu et al.44

report that the glass transition decreases during the
reprocessing by decreasing the network cross-linking.
To evaluate if structural modifications occur in the

thermoset network during the reprocessing, FTIR analyses
were performed before and after mechanical recycling. The
obtained results show that no changes occur after reprocessing;
similar spectra for virgin and recycled thermoset are obtained.
This observation was confirmed by complementary experi-
ments, as illustrated in Figure S2, by an isothermal FTIR study
at 170 °C (reprocessing temperature) at which no difference
was detected even after 90 min.

Dynamic Mechanical Analysis. To analyze the viscoe-
lastic properties, the following thermoset systems were
selected: ELO/DTBA/IM, ELO/DTBA/DMBA, and ELO/
DTBA/DMAP. The storage modulus (E′) values and loss

Figure 5. DMA results: tan δ and storage modulus vs temperature of thermosets and reprocessed samples as a function of the initiators: (A and C)
uncatalyzed thermosets and ELO/DTBA/IM; (B and D) uncatalyzed thermosets and ELO/DTBA/DMBA and ELO/DTBA/DMAP.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c01419
ACS Sustainable Chem. Eng. 2020, 8, 7690−7700

7694

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c01419/suppl_file/sc0c01419_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01419?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01419?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01419?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01419?fig=fig5&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c01419?ref=pdf


factor (tan δ) curves of these systems are presented as a
function of temperature in Figure 5. The tan δcorrelated to
the α relaxations and associated with the macroscopic glass
transition (Tg)were determined, ranging from 15 to 89 °C.
A similar range of Tg was reported by Gobin et al.45 with a Tg
≈ 16 °C for epoxidized broccoli oil cross-linked with o-
phenylene diacetic acid in the absence of initiator. In
comparison with ELO/aliphatic diacid thermosets,32 the tan
δ values are higher for ELO/DTBA networks due to the
presence of the aromatic structure of DTBA cross-linker
introducing rigid segments. The tan δ of the noncatalyzed
system exhibits the lowest value; meanwhile, the system has
the highest storage modulus (Figure 5). The associated Tg
values obtained by DSC for the virgin and recycled thermosets
are in the same trend with that measured by DMA. These
results indicate that the initiated systems exhibit higher tan δ
and Tg. After mechanical recycling, the ELO/DTBA/IM
thermoset displays the highest tan δ ≈ 97 °C while DMBA
is confirmed again as a less efficient catalyst with produced
thermosets having tan δ ≈ 58 °C combined with the higher
decrease in the storage modulus through the rubbery plateau.
The thermosets cross-link density was calculated using the

E′ value in the rubbery plateau according to eq 2. As illustrated
in Tables 1 and S6, depending on the initiator nature, the
cross-link densities vary from 1.91 to 0.82 mmol/cm3. Among

the 10 initiators (Figures S4 and S5), DMP30 and 2E4MI
allow us to produce thermosets with the highest cross-link
density; nevertheless, these values decrease drastically after
reprocessing: 1.97 mmol/cm3 for virgin vs 0.58 mmol/cm3 for
reprocessed ELO/DTBA/DMP30 and 1.84 vs 0.38 mmol/cm3

for ELO/DTBA/2E4MI, respectively. This result can be
attributed to formation of supplementary cross-links with
some pending chains. The ELO/DTBA/IM thermosets have
the highest values of tan δ and cross-linking density before and
after reprocessing.

Thermal Stability. The thermal stabilities of virgin and
recycled resins were investigated by thermogravimetric analysis
(TGA) under air atmosphere (thermal oxidation). The TGA
curves as recorded during continuous heating at 10 °C·min−1

are shown in Figure 6. The degradation process involves a two-
stages process (Figure S6). For quantitative analysis of the
investigated samples, the degradation onset temperature
(Tonset) and the temperature at 5% weight-loss (T5%) were
determined. The main data are summarized in Tables 2 and
S6. No degradation occurs before 200 °C except for
noncatalyzed thermoset. In systems with 1 wt % initiator, the
Tonset temperature increases ∼50 °C (∼200 versus 150 °C,
Figure 6) and the T5% values were shifted to higher
temperature from 230 to 275 °C in the following order:
uncatalyzed < DMP30 = DMAP < 2-MI = 1-MP < DMBA <

Table 1. Mechanical Properties of Virgin and Reprocessed ELO/DTBA Thermosets

no initiator IM DMBA DMAP

virgin recycled virgin recycled virgin recycled virgin recycled

tan δa (°C) 15 13 83 97 52 58 66 63
(tan δ)amax 0.45 0.91 0.66 0.82 0.77 1.0 0.79 0.83
E′ a at −50 °C (MPa) 3390 4730 1560 2550 2660 700 2380 2600
E′ a at 160 °C (MPa) 9 3 16 9 8 2 7 4
cross-linking densitya(mmol/cm3) 0.82 0.30 1.25 0.81 0.98 0.21 1.18 0.79
density (g/cm3) 0.905 1.025 0.896 0.913
Mc

a (g/mol) 1104 820 914 774
aDetermined by DMA. bDetermined by the mass/volume ratio.

Figure 6. TGA comparison between the virgin and the recycled resins with and without initiators.
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2E4MI = TBD < 1,2-DMI = 1-MI < IM. Very interestingly, as
illustrated in Table 2, the T5% values were not affected by
reprocessing. The only significant decrease of the T5% value
could be observed for the uncatalyzed and recycled ELO/
DTBA thermoset (T5% ≈ 220 °C compared to 230 °C for
virgin thermoset). All virgin and recycled resins were degraded
almost completely before 650 °C.
Two degradation steps are observed in the TGA and DTG

curves (Figure S6). A similar thermal decomposition behavior
was reported by Ding et al.32 for ELO/aliphatic dicarboxylic
acids/DMAP thermoset. The authors32,46 suggest that the first
degradation stage involves the breakdown of the ester−
methylene linkages and of hydroxyls, while at higher
temperatures aromatic products are formed. The first
degradation step for the virgin and recycled ELO/DTBA-
catalyzed thermosets occurs around ∼305 °C, except for the
ELO/DTBA/DMBA thermoset that starts to degrade at 290
°C. This result can be correlated to the lower cross-link degree
of this network, as demonstrated previously by DMA analysis.
Study on the Multiple Reprocessing Effect on

Materials Performance. The dual dynamic character of the
S−S exchanges and of the transesterification reactions
improves the ability of materials to be reprocessed. As
presented in the previous sections, all of the studied
thermosets can be recycled. To evaluate how many times the
thermoset can be reprocessed without losing its thermome-

chanical properties, the ELO/DTBA/IM thermoset was
selected to perform this study because the IM allows the
highest conversion rates. Thus, the reprocessing process was
performed using the same parameters and repeated 10 times
(Figure 7 and Table S6). After several cycles, we observe a
slightly dark coloration of the sample, probably due to a partial
oxidation and aging.47 The properties of recycled materials
were investigated by DSC, FTIR, TGA, and DMA analyses.
Table 3 summarizes the results of the investigated properties.

It was found, by scanning DSC, that the glass transition
decreases progressively during the reprocessing cycles, from 76
°C in the virgin resin to 64 °C at the end of the third cycle.
This result can be attributed to the continuous S−S exchange
during the reprocessing and therefore to network modification.
An unexpected result is that at the 10th cycle the resin presents
the same Tg value as the virgin resin (Figure 7A). It seems that
during the recycling procedure the mechanical properties of
the sample decrease, but at certain point there is a reversal of
the properties. The dual mechanism of recycling that operates
during reprocessing contributes to the increasing cross-linking
density and finally regaining the material properties.
The thermal stability of the samples after several recycling

stages remains approximately constant, showing very close
values of T5% even at the end of the 10th reprocessing cycle
(Figure 7B). As shown in the DTG thermograms presented in
Figure S7, all of the curves are very similar. The tan δ values
increase until the third cycle; thereafter, a slight decrease was

Table 2. TGA T5% Values of Virgin and Recycled Resinsa

T5% (°C)

ELO/DTBA systems virgin recycled ΔT5%

no initiator 230 220 −10
IM 275 275 0
1-MI 265 267 2
2-MI 250 250 0
1.2-DMI 264 264 0
2E4MI 260 252 −8
DMBA 255 252 −3
DMAP 245 245 0
DMP30 245 245 0
1-MP 250 245 −5
TBD 260 260 0

aΔT = T5%, recycled − T5%, virgin, T5% = temperature for 5% weight loss
determined by TGA

Figure 7. (A) Comparison of characteristic values after different reprocessing cycles: Tg (DSC), T5% (TGA), tan δ (DMA), and cross-linking
density calculated by DMA. (B) TGA curves of the virgin and reprocessed ELO/DTBA/IM thermoset.

Table 3. Thermal and Mechanical Properties of ELO/
DTBA/IM Thermosets after Several Reprocessings

characteristic values virgin
1st

recycling
2nd

recycling
3rd

recycling
10th

recycling

Tg
a (°C) 76 74 70 64 76

T5%
b (°C) 275 275 272 273 274

tan δc 89 97 96 91 97
(tan δ)max

c 0.68 0.82 0.82 0.79 0.83
E′ c (MPa) at −50 °C 1560 1720 2500 4400 6200
E′ c (MPa) at 150 °C 8.6 8.9 12 13.8 13
E′′ cmax (MPa) 70 200 200 350 370
cross-link densityc

(mmol/cm3)
1.25 0.81 1.11 1.33 1.21

aDetermined by DSC. bDetermined by TGA. cDetermined by DMA.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c01419
ACS Sustainable Chem. Eng. 2020, 8, 7690−7700

7696

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c01419/suppl_file/sc0c01419_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c01419/suppl_file/sc0c01419_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c01419/suppl_file/sc0c01419_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01419?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01419?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01419?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01419?fig=fig7&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c01419?ref=pdf


measured. After the 10th cycle the material has, once again, a
similar value to the virgin sample (Figure 7A).
According with the obtained results after the first

reprocessing, the E′ values in glassy state and the E′′ moduli
increase by ∼4 or 5 times while the cross-link density remains
more or less constant except for its values after the second
cycle. These results can be explained as resulting from the
dynamic covalent bonds recreating linkages during material
recycling. The initial reduction of the cross-linking density
after the first reprocessing cycle is restored at the end of the
10th cycle. In fact, after the third cycle, the cross-link density
increases again until it reaches the initial value at the end of the
10th recycling. This behavior could be attributed to an internal
rearrangement of the thermoset network. Very few changes
were observed through the ATR-FTIR spectra in the carbonyl
region at 1700 cm−1 (Figure 8D). This ester peak seems
slightly spread out after the first reprocessing. It suggests the
occurrence of transesterification reactions. The 10 times
recycled sample has almost an identical structure compared
to the virgin one. As the characteristic absorption of the S−S
bonds is in the region from 540 to 500 cm−1 (very low
frequency), their change during reprocessing is difficult to
follow by FTIR.
Swelling Tests. The swelling and solvent stability were

tested in several solvents: toluene, acetone, methanol, THF,
DMSO, 1 N NaOH, 1 N HCl (Figure S9). The time-
dependent swelling ratio evolution of the prepared thermosets
in different solvents reflects the solvent diffusion inside the
polymer network.

After 8 h of immersion in toluene, all samples including
virgin and recycled thermosets reached the maximum of the
swelling asymptotic curves. Figure 9 shows clearly that the
swelling ratio increases in the order IM < DMAP < DMBA<
No initiator. The swelling ratio is inversely proportional to the
cross-link densities reported in Table 1. We observed also that
after 3 weeks of immersion in toluene at room temperature, all

Figure 8. tan δ (A) and storage modulus (B) vs temperature; FTIR spectra (C−F) for the virgin and recycled ELO/DTBA/IM.

Figure 9. Swelling test in toluene of virgin and reprocessed thermoset
resins.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c01419
ACS Sustainable Chem. Eng. 2020, 8, 7690−7700

7697

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c01419/suppl_file/sc0c01419_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01419?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01419?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01419?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01419?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01419?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01419?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01419?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01419?fig=fig9&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c01419?ref=pdf


of the materials remained unaffected (Figure 10 A) without
any detected degradation or dissolution. A similar behavior was
observed for the test stability in 1 N HCl.
Concerning the chemical recycling in 1 N NaOH, very

interestingly, all of thr ELO/DTBA thermosets start to lose
their integrity after 24 h at room temperature without the aid
of an external compound (Figure 10) and were completely
dissolved at 80 °C after 3 days (Figure 10 B) in contrast with
the results reported by Ruiz et al.7 for an epoxy/disulfide
amine thermoset. The authors showed that the obtained
thermosets were not degraded in 1 N NaOH solution. To
completely dissolve the epoxy thermoset, 2-mercaptoethanol as
catalyst in DMF organic solvent needed to be added. This
observation reflects that the degradation of epoxy resin
depends not only on the dissociative nature of the disulfide
bonds in alkaline conditions17,44 but also on the stability of
ester linkages from ELO triglycerides48,49 and that of new ester
linkages formed during copolymerization. It should be noticed
that the decrease in the cross-link density can facilitate
complete degradation of thermosets. By lowering the distance
between cross-links within the networks, the solvent
permeation increases and thus facilitates the polymer−solvent
interactions.

■ CONCLUSIONS

In this study, the ELO/DTBA copolymerization reaction was
studied in the presence of a series of 10 initiators. Their effects
on the copolymerization reaction, network properties, and
reprocessing were analyzed. The initiator nature impact on the
curing mechanism is further reflected in the final properties.
The thermosets obtained without initiator have low cross-
linking density, low Tg, and thermal stability as consequence of
a lower functional group conversion. Some initiators failed,
such as 1-MP or DMBA, since they produce low copoly-
merization conversions. For the imidazole series, 2-MI is the
least performing on the conversion percentage, producing
thermosets that after reprocessing had decreased properties. In
the series of heterocyclic initiators, the DMAP allows obtaining
materials with excellent properties: one of the highest cross-
link densities at the end of the recycling.
Analysis of the materials performance confirms that IM

conducts to thermosets with the highest values of conversion

percentage, cross-link density, solvent resistance, and thermal
stability. These results demonstrate that imidazole is the best
initiator for the ELO/DTBA system. The thermal stability and
mechanical properties underlined that all of the thermosets can
be reprocessed. The materials’ properties were kept until the
10th cycle, which is very important considering a further
application of these materials. Another important result is the
ability of the prepared thermosets to be easily chemically
recycled, in suitable solvents, without the need of supple-
mentary chemicals. The biobased thermosets developed in this
manuscrpt can have sustainable applications as matrices in
reprocessable composites.
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