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A B S T R A C T

Four biobased ester and ester-imine photocurable resins were formulated and evaluated for printability by digital
light processing 3D printing. The resin formulations consisted of methacrylated eugenol alone or in combination
with methacrylated poly(hydroxybutyrate)-oligomers and/or methacrylated vanillin-derived Schiff-base mono-
mers. It was not possible to print methacrylated eugenol alone into coherent thermosets, likely due to the lower
reactivity of the allyl-double bond. However, in combination with the other building blocks methacrylated
eugenol improved the printability, although some over-curing phenomena were registered especially for the
resins composed of methacrylated eugenol and methacrylated poly(hydroxybutyrate)-derived oligomers. The
three formulations that were successfully printed to coherent thermosets were further evaluated for their solvent
resistance, thermal and mechanical properties, reprocessability and biodegradability under simulated industrial
composting conditions. The reprocessing experiments documented the synergic effect of ester and imine dynamic
covalent bonds in favoring the preservation of the elastic modulus of the thermosets; while an evidently higher
deterioration of the mechanical properties was registered for the ester-thermosets. The biodegradation studies
highlighted a clear correlation between the biodegradation rate and the chemical structure of the thermosets,
with the aliphatic components and ester and imine bonds increasing the thermosets’ susceptibility to the
biodegradation under simulated industrial composting conditions.

1. Introduction

Thermosets are outstanding polymeric materials generally charac-
terized by higher modulus and stress at break, chemical resistance and
thermal stability compared with thermoplastics. Thermosets find a
myriad of applications especially for the realization of long-lasting ob-
jects, such as pipelines, automotive parts, medical equipment, storage
boxes, electrical components [1].

The superior properties of thermosets mainly derive from the pres-
ence of covalent crosslinks between the macromolecule chains, that lead
to the formation of a network; differently from thermoplastics in which

only secondary interactions exist between adjacent macromolecule
chains. As a drawback, thermosets, including those derived from bio-
based resources, do not fit the requirements of a circular economy
[2,3] due to their limited recyclability, leading at best to downcycling or
energy recovery. Recently, great efforts have been devoted to re-
designing the chemical structure of thermosets by replacing some of
the permanent covalent bonds with dynamic covalent linkages, such as
imine and ester bonds, among others. This can, under correct conditions,
enable reprocessing [4,5]. Imines have been demonstrated to show a
great potential for the reformation of the network during the reproc-
essing. The metathesis pathway, consisting of exchange reactions
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between adjacent imine functions can be activated by temperature even
in the absence of catalysts [6]. In this context, the possibility to induce
Schiff-base reactions between bio-based molecules (i.e. vanillin [7–10],
lignin [11]), syringaldehyde [12], soybean oil [13,14]) and a wide range
of diamines and triamines has been reported for the synthesis of ther-
mosets able to preserve their mechanical properties after the reproc-
essing [6]. The reprocessing of thermosets having dynamic ester bonds
in their structure can generally occur in the presence of a trans-
esterification agent and it mainly exploits the transesterification reac-
tion between ester bonds and hydroxyl groups [15]. This pathway has
been utilized for a wide range of epoxy resins [16–19], but also for the
preparation of thermoplastic-derived thermosets, including networks
obtained by modification of poly(lactic acid) [20], poly(butylene tere-
phthalate) [21,22] and polyethylene [23].

However, for specific application and in cases where the number of
reprocessing cycles leads to a drastic deterioration of the original
properties, an additional waste management option is needed [24]. In
this context, the biodegradation of polymers has been considered a
valuable strategy, leading to products such as compost for agriculture in
the case of composting, and biogas in the case of anaerobic digestion
[25]. Among thermoplastics, polylactide, polycaprolactone, poly(3-
hydroxybutyrate) (PHB), and their copolymers are the most studied
aliphatic polyesters for a wide variety of applications, and thanks to
their aliphatic structures with widely available ester bonds they are
particularly suitable for biodegradation [26]. The degradation process
can proceed according to different mechanisms, including chemical
hydrolysis and microbial degradation, but ultimately the aerobic
biodegradation, expected e.g. under industrial composting conditions,
leads to the formation of CO2, H2O, and biomass. The degradation
proceeds either from the surface or throughout the bulk and it is
controlled by a wide variety of structural parameters, such as the
morphology, chain orientation, chemical composition, stereochemical
structure and molecular weight; but it also highly depends on the
characteristics of the environment [26]. As an example, poly(L-lactide)
was demonstrated to biodegrade in the presence of a mixed culture of
compost microorganisms, while no important signals of degradation
were registered in the corresponding abiotic medium. Moreover, a rapid
decrease of molecular weight was observed in the biotic environment;
while it was not detected in the abiotic environment [27]. Cellulose, as a
biopolymer, is inherently biodegradable, but this process can be hin-
dered by the chemical modifications performed to improve the pro-
cessability and material properties, clearly demonstrating that structural
characteristics, such as the type of modification and degree of substi-
tution, are important factors controlling the degradation [28,29].

The biodegradation of thermosets has been hardly investigated, but
it is expected to be more limited compared to linear counterparts. A few
works have reported preliminary attempts to assess the potential of bio-
based thermosets to be biodegraded in soil or in compost. As an example
bio-based tannic acid epoxy resins cured in the presence of bio-based
hardener poly(amido amine), and showing suitability as adhesives,
were subjected to microbial biodegradation [30]. The SEM analysis
documented erosion taking place on the surface of the thermosets after
4 weeks of incubation, mainly ascribable to the presence of hydrolysable
esters and potentially cleavable amide linkages. Bio-based thermosets,
derived from soybean oil, were subjected to soil-burial tests for 8
months; the results documented that the weight reduction during the
test was affected by the thermoset’s composition, crosslinking density
and biodegradation time [31]. Methacrylated vanillyl alcohol was
polymerized with acrylated epoxidized soybean oil for the obtainment
of bio-based thermosets. The samples were buried in the garden soil for
three months and a weight loss around 15 % was reached at the end of
the test; however, no important alterations in the ATR-FTIR spectra were
detected after the degradation test [32]. Biodegradation was also not
confirmed by following CO2 release.

It is envisioned that the structure of the thermosets, including the
presence of aromatic or aromatic-aliphatic units and the presence of

dynamic covalent bonds will influence both the reprocessability of the
materials and their susceptibility to biodegradation, during e.g., com-
posting. Therefore, we designed four distinct bio-based resins for digital
light processing 3D printing (DLP), consisting of methacrylated eugenol
alone and in combination with photocurable PHB-derived oligomers, or
vanillin-derived Schiff-base monomers, or both. The structures of the
thermosets were carefully designed in order to investigate the role of the
ester and imine dynamic covalent bonds, as well as of the aliphatic and
aromatic structures, on the reprocessability and biodegradability under
simulated industrial composting conditions. Indeed, methacrylated
eugenol is a short aromatic molecule showing ester functions in its
structure; the PHB-derived oligomer is an aliphatic component with
higher flexibility, higher density of ester groups and expected suscepti-
bility to biodegradation; vanillin-based Schiff-base monomer is an
aromatic-aliphatic molecule presenting imine functions in its structure.
The printability, chemical and physical properties of the thermosets, as
well as their reprocessability and biodegradability under simulated in-
dustrial composting conditions were also investigated and correlated
with the structure and composition of the resins.

2. Materials and methods

2.1. Materials

The polyhydroxyalkanoate used in this study was poly(3-
hydroxybutyrate) (PHB) produced by Tianan Biologic Material Co,
China. The purity of this PHB was over 98 % and the content of 3-
hydroxyvalerate units was below 2 % as revealed by 1H NMR.

Vanillin (V) (99 %), ethylene carbonate (EC) (98 %), potassium
carbonate (K2CO3) (≥99 %), N,N-dimethylformamide (DMF) (≥99 %),
methacrylic anhydride (MAA) (94 %), ethylenediamine (ED) (≥99 %),
eugenol (99 %), 1,4 butanediol (BDO) (99 %), phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO) (97 %) were purchased
from Sigma-Aldrich. Magnesium sulfate (99 %), ethyl acetate (EtOAc)
(≥99%), dichloromethane (DCM) (≥99%), n-heptane (≥99%), acetone
(≥99.5 %), deuterated chloroform (CDCl3) (99.8 atom % D) were pur-
chased from VWR. Titanium (IV) butoxide (TBO) (≥97 %) and 4-
(dimethylamino)pyridine (DMAP) (≥99 %) were purchased from Fluka,
sodium bicarbonate (≥99%) fromMerck and sodium hydroxide (NaOH)
(≥99 %) from Fisher Scientific. All chemicals and solvents were used as
received.

2.2. Synthesis of methacrylated oligomeric PHB-diol (MOHB)

2 g of PHB and 3 mL of BDO were added to a 100 mL round-bottom
flask and stirred at 190 ◦C for 15 min in N2 atmosphere under reflux to
melt the polymer. 8 mg of TBO, previously solubilized in toluene with a
concentration of 0.01 mg/µL, was then added to the system and the
reaction was carried out for additional 5 min [33]. Afterward, the
mixture was poured in 20 mL of distilled water and kept under stirring at
room conditions for 3 h. The white precipitate (PHB-diol) was collected
through filtration and dried in the vacuum oven at 30 ◦C for 48 h.

The PHB-diol was subjected to a methacrylation reaction to obtain
methacrylated PHB-diol (MOHB). 2 g of PHB-diol, 18 mL of MAA and
0.02 g of DMAP were added to a 100 mL round-bottom flask and kept
under stirring at 60 ◦C for 24 h. The product of the reaction was then
precipitated in 50 mL of n-heptane, filtered, solubilized in chloroform
and again precipitated in heptane. The procedure was repeated three
times. Afterwards, the collected MOHB monomer (white powder, reac-
tion yield 20 %) was dried in vacuum oven at 30 ◦C for 48 h.

2.3. Synthesis of Schiff-base (SB) monomer and methacrylated eugenol

SB was produced following a three-step reaction, according to a
previously reported procedure [7]. This included the synthesis of
extended vanillin (Ext-V), its methacrylation (M− Ext− V) and the Schiff-
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base reaction with ED. Briefly, 10 g of V, 6.38 g of EC, 11 g of K2CO3 and
100 mL of DMF were added to a 250 mL round bottom flask and kept
under reflux in N2 atmosphere at 110 ◦C for 12 h. The reaction mixture
was then cooled down to room temperature, diluted with water (150
mL) and poured in EtOAc (150 mL). The aqueous phase was separated
and extracted with EtOAc (2x100 mL). The organic phases were mixed,
washed with water (2x200 mL), dried over magnesium sulfate,
concentrated under reduced pressure and further dried in a vacuum
oven at 60 ◦C for 12 h to recover Ext-V. The methacrylation of Ext-V was
performed by mixing 10 g of ExtV, 8.58 g of MAA and 38 mg of DMAP in
a 100 mL round-bottom flask. The reaction was carried out at 60 ◦C for
24 h under reflux. The resulting product was diluted with DCM (300mL)
and consequentially washed with saturated aqueous solution of sodium
bicarbonate (2x300 mL), 0.5 M NaOH (2x300 mL), 1 M NaOH (2x300
mL) and distilled water (150 mL). The organic phase was dried over
magnesium sulfate, concentrated at reduced pressure and dried under
vacuum at 30 ◦C for two days. The resulting M− Ext− V was subjected to
the Schiff-base reaction carried out by dissolving 12 g of M− Ext− V in
150 mL of DCM. After the complete solubilization, 1.37 g of ED was
added and the reaction was performed at room temperature for 5 h. The
mixture was washed and dried according to the procedure used for the
methacrylation reaction, leading to SB monomer (pale yellow powder,
reaction yield 70 %).

ME monomer (amber liquid, reaction yield 82 %) was obtained
following a previously reported methacrylation reaction [34–36]. 30.00
g of eugenol, 30.99 g of MAA and 0.47 g of DMAP were mixed in a 250
mL round-bottom flask and kept at 45 ◦C in a N2 atmosphere under
reflux for 24 h. Afterwards, the mixture was subjected to the same
washing and drying procedure described for M− Ext− V.

2.4. Resin composition and digital light processing (DLP) 3D printing

For the production of the thermosets, the synthesized monomers
were combined to resins according to the compositions reported in
Table 1 and dissolved in DCM with a concentration of 70 % w/v (g of
resin/mL of DCM). BAPO with a concentration of 5 % w/w (g of BAPO/g
of resin) was used as a photo-initiator. The resins were subjected to DLP
3D printing (Asiga MAX X27 UV) with a 385 nm light source. The
exposure times and burn-in exposure times, determined by the software
for each formulation, are reported in Table 1. The layer thickness and
light intensity were set to 0.05 mm and 28.8 mW/cm2, respectively, for
each solution. No additional post-curing processes were performed on
the printed thermosets. Thermosets were printed in form of rectangular
bars (26.00 x 1.53 x 0.75 mm3), films (31.71 x 19.77 x 0.75 mm3) and
“sun & moon” object (overall volume of 20.62 x 16.62 x 1.98 mm3).

2.5. Reprocessing of thermosets

0.5 g of each thermoset was cut in small pieces with the help of a
scissor, transferred to a 25 x 25 x 0.5 mm3 square-shaped mold and hot-
pressed at 120 ◦C, 2 MPa for 15 min. All the thermosets underwent two
mechanical reprocessing cycles, both performed at the same conditions.
Thermosets subjected to one mechanical reprocessing were labeled
SB+ME_R1, MOHB+ME_R1 and SB+MOHB_R1. Thermosets subjected
to two mechanical reprocessing cycles were labeled SB+ME_R2,
MOHB+ME_R2 and SB+MOHB+ME_R2. No transesterification catalysts

were used for the reprocessing

2.6. Biodegradation under simulated composting condition

The test samples were subjected to simulated industrial composting
conditions according to previously reported procedure at 58± 2℃ up to
180 days [37]. The percentage of biodegradation was quantified by
respirometry analysis. The set up with 1 L glass reagent bottles and 1 M
KOH as CO2 absorber was used for calculating the carbon mineraliza-
tion. The amount of CO2 released from the test samples was determined
by titration and ASTM D5988 and D5338 were utilized to calculate the
percentage mineralization using the following equation

%Biodegradation =
Ct − Cb

Cth
× 100 (1)

where Ct is the amount in mg of gaseous-carbon produced; Cb is the
amount in mg of carbon produced from blank and Cth is the amount in
mg of carbon in the test compound. The weight percentage of carbon in
each thermoset is reported in Table S1.

2.7. Characterizations

1H NMR spectra of all the monomers was recorded by an Avance 400
(Bruker, U.S.A.) spectrometer (400 MHz), with 16 scans using CDCl3 as
the solvent and also as the internal standard for calibrating the chemical
shift.

Size exclusion chromatography (SEC), with chloroform (2 % v/v
toluene) as eluent, was utilized for molecular weight analysis of PHB and
PHB-diol. It was performed with a Malvern GPCMAX instrument
equipped with a refractive index (RI) detector and an autosampler, a
PLgel 5 μm guard column (7.5 × 50 mm) and two PLgel 5 μm MIXED-D
(300 × 7.5 mm) columns. The flow rate was 0.5 mL min− 1 and the
temperature was kept at 35 ◦C. Calibration was performed with poly-
styrene standards covering a molecular weight (Mp) range from
approximately 400 to 400,000 g/mol.

A PerkinElmer Spectrum 2000 Fourier transform infrared (FTIR)
spectrometer (Norwalk, CT) equipped with an attenuated total reflec-
tance (ATR) sampling accessory was employed to characterize the
chemical structures of the monomers and thermosets. All the spectra
were recorded in the wavenumber range of 4000–600 cm− 1 using 16
scans at a resolution of 4 cm− 1.

Gel content measurements were carried out to investigate the degree
of curing and solvent resistance of the thermosets by immersing each
thermoset (around 10 mg) in 2 mL solvent for 72 h; three common
solvents (DCM, EtOH and acetone) were investigated for the test. After
being removed from the solvent, the samples were dried in vacuum oven
at 60 ◦C until a constant weight was reached. The gel fraction for each
sample was determined according to equation (1).

Gel content =
mf

mi
x100 (3)

where mf is the final weight of the sample after 72 h of immersion and
drying; while mi is the initial weight of each sample before the immer-
sion. The analysis was performed in triplicate for each sample and for
each solvent.

Thermogravimetric analysis (TGA) of the thermosets and monomers

Table 1
Abbreviations, compositions and printing parameters of the printed thermosets.

Thermoset abbreviations ME monomer [w/wtot %] SB monomer
[w/wtot %]

MOHB monomer
[w/wtot %]

Exposure time for each layer [s] Burn-in exposure time [s]

ME 100 − − 60 172
SB+ME 50 50 − 108 164
MOHB+ME 83 − 17 45 101
SB+MOHB+ME 41.5 41.5 17 87 152
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was performed by a TGA/SDTA851e (METTLER TOLEDO, U.S.A.).
Samples with a weight around 5 mg were inserted in 70 μL ceramic
crucibles and subjected to a heating scan from 30 ◦C to 600 ◦C with a
heating rate of 10 ◦C/min and under a 50 mL/min nitrogen flow. Dif-
ferential scanning calorimetry (DSC) analysis of the thermosets was
performed on a METTLER TOLEDO DSC820. Samples with a weight
around 5 mg were sealed into 100 μL aluminum crucibles. All the
samples were first cooled to − 10 ◦C and then subjected to a heating
ramp (10 ◦C/min) up to 160 ◦C, under a nitrogen flow rate of 50 mL/
min. DSC was calibrated with indium calibration standard.

3D printed bars and reprocessed thermosets were subjected to
stress–strain measurements performed by using an Instron 5944 equip-
ped with a 500 N load cell. Samples were conditioned in a controlled
environment with a temperature of 22 ◦C and 50 % relative humidity for
2 days before testing.

3. Results and discussion

Polyester and polyester-imine thermosets were obtained by DLP 3D
printing of the synthesized photocurable resins, derived from the com-
bination of methacrylated biobased monomers and oligomers, as shown
in Fig. 1a and 1b. The printed thermosets were evaluated for their
chemical and physical properties, reprocessability and biodegradation
potential under simulated industrial composting conditions.

3.1. DLP 3D printing of the resins

The chemical structures of the resin components ME and SB were

first confirmed by 1H NMR analysis (Figures S1 and S2), which docu-
mented the successful methacrylation of eugenol and the triple step
reaction to synthesize SB starting from vanillin [6,34]. Due to the high
molecular weight (above the upper range of calibration curve, 400 000
g/mol), PHB was as a first step subjected to a transesterification reaction
with a diol (BDO) in order to obtain PHB oligomers with two terminal
–OH functions for further methacrylation. The transesterification, per-
formed in the absence of any solvent according to the procedure re-
ported in the Experimental Section, led to the formation of oligomers
with a Mw around 1400 g/mol (Figure S3) with incorporated aliphatic
BDO segment in their structure (Figure S4). Moreover, the absence of
significant peaks at 5.8 ppm, ascribed to crotonate vinylic proton signal
[38], demonstrates that the applied reaction conditions prevented the
occurrence of undesired thermal degradation phenomena [33]. The
ATR-FTIR analysis in Figure S6 confirms the presence of –OH terminal
functions in PHB-diol (band at 3619–3030 cm− 1). In tune 1H NMR
spectroscopy (Figure S5), documents the consumption of these groups
during the methacrylation step together with the appearance of a new
peak at 1640–1650 cm− 1, supporting the introduction of the vinyl
groups [39].

ME functions as a reactive diluent as it is able to partially solubilize
both resins. Due to the presence of vinyl groups it will be incorporated in
the thermoset structures. However, the complete dissolution of SB and
MOHB was not reached and the use of a solvent turned out to be un-
avoidable for the preparation and DLP printing of the employed for-
mulations. However, the partial solubilization of the solid resins in ME
reduced the required volume of DCM in particular in presence of MOHB.
In order to have more relevant comparison among the thermosets in

Fig. 1. (a) Chemical structures of monomers and (b) schematic chemical structures of the cured thermosets. Digital light processing 3D printed “sun &moon” objects
printed with: (c) ME; (d) SB+ME; (e) MOHB+ME and (f) SB+MOHB+ME resins. Inset of (c): computer-aided design model of the “sun & moon” model.

A. Liguori et al. European Polymer Journal 219 (2024) 113384 

4 



terms of printing conditions and resulting properties, DCM was also
employed during printing of ME. The printability of the resins as well as
the layer exposure times strongly correlated with the chemical structure
and composition of the resins (Fig. 1b). ME has only one methacrylate
group per molecule and in addition a less reactive allyl group, which
likely prevented its curing to a coherent thermoset [40]. The introduc-
tion of dimethacrylated components in the formulation, i.e. MOHB, SB
or both, significantly improved the printability, enabling the fabrication
of thermosets showing acceptable printing fidelity, especially in the case
of SB+ME resins, as documented in Fig. 1 c-f.

The analysis of exposure times needed for the layer-by-layer photo-
polymerization of SB+ME, MOHB+ME and SB+MOHB+ME resins
clearly highlights an increase of this parameter with the higher content
of aromatic rings and imine-groups in the resin formulation. This sug-
gests that both the aromatic rings and the imine-groups act has light
absorbing agents, favoring the capture of the UV radiation and pre-
venting its penetration towards undesired layers. It was somewhat un-
expected, that the longest exposure time was needed for the curing of
SB+ME, since the relatively high Mw of MOHB could have led to lower
reactivity for this monomer with respect to SB. The explanation to the
observed phenomenon lies in the potential of aromatic and Schiff-base
functions to contribute to light absorption, at the same time prevent-
ing the propagation of the radiation towards undesired layers of the
resin [41–43]. In agreement with this consideration, the presence of SB
in the resin formulation reduced the over-curing clearly present in
MOHB+ME as highlighted by the arrows in Fig. 1e.

3.2. Characterization of the thermosets

The ATR-FTIR analysis, reported in Fig. 2a, documents the presence

of ester functions in all the thermosets, although a slight shift towards
higher wavenumbers is registered for ME. Moreover, a peak at 1804
cm− 1 undetected in MEmonomer (Figure S7) can be observed in ME and
it might be ascribed to the occurrence of side reactions on the allyl
functions of eugenol during the photopolymerization. The presence of
this peak, although with a significantly lower intensity is also detected in
MOHB+ME, which turns out to show a spectrum quite similar to ME,
except for the presence of the ester peak at 1731 cm− 1 instead of 1736
cm− 1, in tune with the composition of the resin. SB+ME as well as the
tricomponent thermoset do not show any peak at 1804 cm− 1 due to the
lower content of ME in the resins, clearly confirming the incorporation
of SB in the networks. The peak at 1640 cm− 1, detected in SB monomer
(Figure S8) and in both the SB containing thermosets, confirm the
presence of imine functions [7,8], nonetheless its overlapping with the
stretching vibration of C=C. In this frame, it is possible to notice that this
peak at 1640 cm− 1 appears very clear in MEmonomer (Figure S7), while
it has low intensities in all the thermosets, confirming the occurred
photopolymerization [44,45].

Gel content measurements were not performed on ME due to the
small size of the fragments obtained after the DLP. For the other ther-
mosets the gel content results reported in Fig. 2b documented rather
similar properties in acetone. SB+ME and SB+MOHB+ME show a
comparable solvent resistance in DCM and EtOH; while, MOHB+ME
presents the lowest gel content values in these two solvents. Typically,
post-curing is utilized after DLP to complete the curing process. Here, no
post-curing treatment was performed in order to investigate the prop-
erties of as-printed materials, which likely explains the low gel content
values (56–76 %) of all three thermosets in DCM. This conclusion is
supported by our previous study investigating the influence of post-
curing on properties of DLP printed SB thermosets (without ME),

Fig. 2. (a) ATR-FTIR spectra and (b) gel content measurements of all the thermosets. (c) TGA curves of all the thermosets and monomers.
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where it was shown that UV post-curing of the printed thermosets
increased the gel content from 67 to 87 %, i.e. before post-curing the gel
content of SB thermoset (67%) was similar to gel content of SB+MEhere
(69 %) [46].

In addition, previous studies showed the low reactivity of the allyl
function in ME monomers during UV-initiated radical reaction leading
to formation of a defective networks and low gel contents [35,36]. The
inferior solvent resistant properties of MOHB+ME with respect to the
other thermosets can be ascribed to the presence of this allyl functions as
well as to the lower density of vinyl groups also due to the relatively high
molecular weight of MOHB, leading to lower crosslink density.

The thermal stability of the thermosets and of their building blocks
was investigated by means of TGA. As observable in Fig. 2c and in
Table 2, all the thermosets show an onset of degradation (Tdeg1% and
Tdeg2%) around 110–127 ◦C. The Tdeg5% is reached at 145 ◦C in the case of
ME and MOHB+ME while the SB containing thermosets reached the
Tdeg5% at around 155 ◦C. From the comparison of ME and ME monomer
thermal degradation curves, it is possible to observe that ME is more
thermally stable than its respective monomer, in tune with the occur-
rence of the photopolymerization. The two degradation steps registered
for ME at around 178 ◦C (TIdeg) and 433 ◦C (TIIdeg) are ascribed to the
decomposition of dangling chains and to the random scission of cross-
linked chains, respectively [36,47,48].

In agreement with its higher molecular weight, MOHB is character-
ized by good thermal stability, preserving almost completely its initial
weight up to 250 ◦C. The 17 % w/w concentration of MOHB in
MOHB+ME thermoset is however not enough to move the onset of
degradation towards higher temperatures. However, the transition of
TIdeg from 178 ◦C for ME to 192 ◦C MOHB+ME is registered, suggesting
an increase of the thermal stability of the thermoset in the presence of
MOHB. Interestingly, the presence of ME monomer in SB+ME resin
leads to thermosets characterized by significantly lower thermal sta-
bility than the previously reported SB thermosets [7] and SB monomer.
In agreement with the previous considerations, this result can be
explained considering the uncompleted photopolymerization of ME
monomer in the network and the presence of branched segments from
which the thermal decomposition can start. SB+MOHB+ME shows a
decomposition curve very similar to the one of ME, but there is a shift
towards higher percentage of residual weights, in tune with the presence
of SB and MOHB in the network. According to the DSC characterization
(Table 2 and Figure S9), all the thermosets show Tg around 60–70 ◦C.

3.3. Reprocessing of the thermosets

In the framework of reprocessing of prepared ester thermosets, the
most exploited pathway relays on the induction of ester-hydroxyl ex-
change reactions [15]. This pathway, also known as dynamic trans-
esterification reaction (DTER), has been widely reported in literature
mainly for the mechanical recycling of epoxy thermosets [49,50]. This is
enabled by the contextual presence of ester functions and free OH
groups in the network, often in the presence of a catalyst to accelerate
the reconstruction of the crosslinked network [51–53]. In our thermo-
sets, due to the absence of available terminal hydroxyl groups, the
reprocessing could possibly proceed accordingly with a different asso-
ciative pathway of the ester functions called esterolysis. The esterolysis
is an ester-ester exchange mechanism taking place when two carbonyls
of adjacent ester bonds experience formation of an association complex

and the acyl groups of the original esters are switched. This pathway has
been demonstrated to take place in thermoplastic polyesters [54] and it
has been recently exploited for the development of crosslinked network
starting from linear polyesters in the presence of a catalyst [55,56].

In our study, the DLP 3D printed thermosets were cut in small pieces
and hot-pressed in the absence of a catalyst at 120 ◦C, 2 MPa for 15 min.
These mild conditions did not induce any important weight loss in the
thermoset as the weight of the reprocessed sample was comparable to
the amount of grinded original thermoset used for the process. More-
over, these conditions promoted activation of the metathesis pathway,
an associative pathway of the imine bonds [6], in SB-containing ther-
mosets and the results also indicate activation of ester-ester exchange
pathway in all the thermosets. Due to the unsuccessful recovery of
coherent thermosets, ME was not considered for the reprocessing. As
observable in Fig. 3a and 3b, all the thermosets show good homogeneity
after one or two reprocessing cycles.

The comparison of the mechanical properties in Fig. 3c and Table 3
shows that the DLP 3D printed SB+MB thermoset has the highest elastic
modulus, strain and stress at break, while the lowest elastic modulus,
strain and stress at break is registered for MOHB+ME. Intermediate
values are measured for the thermoset containing both SB and MOHB.

Table 2
Thermal properties of all the thermosets.

Sample Tg [◦C] Tdeg1% [◦C] Tdeg2% [◦C] Tdeg5% [◦C] TIdeg [◦C] TIIdeg [◦C] Residue [w/w%]

ME 68 ± 7 110 ± 5 112 ± 5 143 ± 5 178 ± 10 433 ± 3 8 ± 3
SB+ME 63 ± 5 109 ± 1 127 ± 1 157 ± 3 − 405 ± 1 18 ± 4
MOHB+ME 66 ± 1 115 ± 4 127 ± 3 147 ± 3 192 ± 7 429 ± 1 11 ± 4
SB+MOHB+ME 70 ± 4 109 ± 1 126 ± 1 154 ± 2 269 ± 1 419 ± 3 17 ± 5

Fig. 3. Pictures of SB+ME, MOHB+ME and SB+MOHB+ME after (a) the first
and (b) the second reprocessing cycle. Stress–strain curves of (c) DLP 3D printed
SB+ME, MOHB+ME, SB+MOHB+ME; and DLP 3D printed and thermally once
(R1) or twice (R2) reprocessed samples (d) SB+ME, SB+ME_R1, SB+ME_R2; (e)
MOHB+ME, MOHB+ME_R1, MOHB+ME_R2; (f) SB+MOHB+ME,
SB+MOHB+ME_R1, SB+MOHB+ME_R2.
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This can be explained by the higher aliphatic content and expected
lowed degree of crosslinking due to the relatively high molecular weight
of MOHB. In comparison, the elastic modulus of DLP 3D printed SB
thermoset in our previous study was 1207 MPa, i.e. twice the value re-
ported for SB+ME (619 MPa) in current study. The relatively low elastic
moduli registered for all the thermosets could thereby be explained by
the high content of ME monomer with less reactive allyl-groups.

When comparing the mechanical properties before and after
reprocessing, in Fig. 3d-f and Table 3, the different processing methods
should be noted. The original samples were DLP 3D printed and the
reprocessing took place by hot pressing. Therefore, direct comparison of
the mechanical properties of original and reprocessed samples should be
made with care. While relatively large differences were observed be-
tween the DLP printed and once thermally reprocessed samples, the
mechanical properties of once and twice reprocessed samples were
almost identical to each other in the case of SB containing thermosets,
SB+ME (Fig. 3d) and SB+MOHB+ME (Fig. 3f). Table 3 shows that the
differences are smaller than the standard deviations. In contrary, the
reprocessability of the thermoset MOHB+ME without SB and dynamic
imine-groups was not as good. Although it could be reprocessed twice to
coherent thermosets, a significant reduction in elastic modulus and
strain at break was observed after second reprocessing (Fig. 3e). This
correlates with the fact that transesterification catalysts are typically
required for thermal reprocessing of ester thermosets, while imine
metathesis can be activated in the absence of catalysts by moderate
temperatures [57]. In addition, some thermal degradation of MOHB
segments resulting in the formation dangling chains with crotonate end
groups could take place during the thermal reprocessing [58,59]. This
would additionally lower the crosslinking degree leading to reduction in
elastic modulus, while strain at break could first increase and then
decrease at higher degree of degradation.

Last, several structural changes might contribute to the relatively
large differences in the mechanical properties of DLP printed and once
thermally reprocessed thermosets. The analysis of the chemical struc-
ture of the reprocessed thermosets, reported in Fig. 4, further documents
an increase of the intensity of the peak at 1684 cm− 1 for SB+ME_R1 and
SB+ME_R2 with respect to the original samples, suggesting that the
decrease of the stress and strain at break after the reprocessing could be
due to the opening of some iminebonds. Moreover, a decrease of the
intensity of the peak at 950 cm− 1, ascribable to the C=C of SB [7], with
respect to the adjacent peak at 913 cm− 1 can be detected and it advo-
cates a possible completion of the curing during the hot-press. In earlier
work, it was shown that completion of curing of DLP printed SB ther-
mosets by UV-light led to retained or slightly increased elastic modulus
and stress at break and decreased strain at break [46].

The spectra of MOHB+ME_R1 and MOHB+ME_R2 show broadening
of the ester peak with appearance of a shoulder, that likely indicates
chain scissions due to thermal degradation leading to formation of free
carboxyl-groups. Moreover, a reduction of the intensity of the peak at
1230 cm− 1 is observed with the reprocessing. This signal was assigned to
the conformational band of the helical segments of PHB-derived

segments [60,61]; its reduction suggests a modification of their
conformation in the network. The ATR-FTIR analysis of the reprocessed
tri-component thermosets highlights a very slight increase of intensity of
the peak at 1684 cm− 1 and the disappearance of the signal at 1230 cm− 1,
ascribable to SB andMOHB components, respectively. Moreover, similar
to reprocessed SB+ME, a decrease of the intensity of the peak at 950
cm− 1 was registered also for this thermoset, documenting the comple-
tion of the curing during the hot-press. Interestingly for all the ther-
mosets, no differences were noticed between the spectra obtained after
the first and the second reprocessing cycle.

3.4. Biodegradation under simulated industrial composting conditions

The characterization of the thermosets clearly highlights the influ-
ence of the chemical structure on resulting properties and reprocessing.
It has been already demonstrated that the efficiency in biodegradation of
thermoplastics is very sensitive to the polymer structure, making the
structure-biodegradation relationship often difficult to be completely
predicted [24]. In order to investigate the effects of the thermosets’
structure on the biodegradation under simulated industrial composting
conditions, a six-month test cycle was performed on all the thermosets.

The results of the CO2 measurements over 180 days under simulated
industrial composting conditions, depicted in Fig. 5, reveal a clear cor-
relation between the biodegradation rate and the chemical structure of
the thermosets. The presence of aromatic structures in ME and SB+ME
initially hinders their degradation, with the lag phase persisting for over
twomonths and the final degree of biodegradation reaching only around

Table 3
Mechanical properties of DLP 3D printed thermosets and the thermosets after
one or two thermal reprocessing cycles.

Sample Stress [MPa]a Strain [%]a E [MPa] a

SB+ME 32 ± 5 11 ± 1 619 ± 157
SB+ME_R1 10 ± 4 2 ± 1 677 ± 91
SB+ME_R2 9 ± 4 3 ± 2 766 ± 105
MOHB+ME 9 ± 1 4 ± 1 424 ± 56
MOHB+ME_R1 2 ± 1 17 ± 6 136 ± 52
MOHB+ME_R2 3 ± 1 10 ± 1 56 ± 28
SB+MOHB+ME 27 ± 3 7 ± 2 636 ± 184
SB+MOHB+ME_R1 7 ± 1 2 ± 1 458 ± 63
SB+MOHB+ME_R2 7 ± 3 2 ± 1 431 ± 140

a The measurements were performed on 4 specimens for each sample.

Fig. 4. ATR-FTIR spectra of (a) SB+ME as printed and after the first and second
reprocessing cycle; (b) MOHB+ME as printed and after the first and the second
reprocessing cycle; (c) SB+MOHB+ME as printed and after the first and the
second reprocessing cycle.
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45–50% after 180 days. Conversely, the inclusion of the aliphatic MOHB
units, even at a low content of 17 w/w%, enhances the compostability of
the tri-component thermoset. This formulation surpasses the lag phase
after 40 days and achieves a degree of biodegradation ~ 60 % at the end
of the test. Notably, the MOHB+ME thermoset exhibits the most
promising biodegradation outcome, with rapid kinetics overcoming the
lag phase after 20 days and reaching a 65 % biodegradation rate within
180 days.

As widely documented, the degradation of polyesters is generally
associated to a combination of abiotic and biotic mechanisms, i.e.
chemical hydrolysis and microbial degradation. When the abiotic
mechanism is dominant, a lag phase is generally observed. This phe-
nomenon is assumed to correlate with the acclimatization of the mi-
crobial population to the environment and it is generally due to the
presence of an exogenous material such as synthetic polymers that are
not readily assimilable by microorganisms [62]. In tune with the pre-
vious considerations, the results suggest that the high density of aro-
matic rings makes ME and SB+ME less prone to the microbial attack
with respect to the other samples showing aliphatic segments in their
structures.

Despite showing the same MOHB content, MOHB+ME exhibits a
somewhat faster biodegradation rate compared to the tri-component
thermoset, which closely resembles SB+ME but with a shift toward
higher degradation rates. The results can be ascribed to the higher
crosslinking degree of the tri-component resin, confirmed by the gel-
content measurements and mechanical analysis, which could make
this thermoset less susceptible to biodegradation in comparison with
MOHB+ME. The trends of the curves obtained for ME and SB+ME can
be explained by considering two aspects. The low reactivity of the allyl-
group of the ME monomer led to a non-coherent thermoset scarcely
crosslinked and, therefore, characterized by a faster biodegradation ki-
netic than SB+ME as observable from day 0 to day 100. For longer
testing time, the inversion of the trend of the two curves is ascribable to
the synergic action of ester and imine bonds, which could accelerate the
biodegradation kinetics. Indeed, similar to ester functions, the imine
bonds can be hydrolysed and the imine-hydrolysis could also be cata-
lysed by enzymes [63], favouring the breaking up of the crosslinked
thermoset into branched polymeric and oligomeric structures.

4. Conclusions

The influence of the resin composition on the 3D printability as well
as on the chemical and physical properties, reprocessability and

biodegradability of the printed biobased thermosets was demonstrated.
Due to the less reactive allyl-bond, the ME monomer was not photoc-
urable alone into coherent thermosets. However, it had beneficial in-
fluence on the printability of resulting thermosets in combination with
an aliphatic or aliphatic–aromatic component, such as MOHB or SB. The
aromatic rings and Schiff-base linkages, both present in SB, can act as
light absorbing agents in the resins reducing overcuring, as confirmed by
the longer exposure times set up by the DLP software for the photo-
polymerization of both SB+ME and SB+MOHB+ME. The addition of
MOHB or SB or both also improved the thermal stability of the ther-
mosets, which can be explained by the increased degree of curing dur-
ing. MOHB+ME thermoset demonstrated the lowest solvent resistance
properties and mechanical properties in tune with lower crosslink den-
sity due to the relatively high molecular weight of MOHB.

All the thermosets were reprocessed twice through a hot-press pro-
cedure performed under relatively mild conditions and in the absence of
a transesterification agent. The lower curing, degree of MOHB+ME
together with the absence of imine linkages caused a drastic decrease of
the mechanical properties of the reprocessed samples with respect to the
original ones while the contextual presence of ester bonds and imine
functions in SB+ME and SB+MOHB+ME enabled to larger extent the
preservation of the elastic modulus with respect to the original samples
and no significant alterations of the properties between the thermosets
subject to one or two reprocessing cycles were observed.

The biodegradation studies documented reasonable susceptibility to
biodegradation under industrial composting conditions. Although 90 %
biodegradation required by composting standards was not reached in
180 days, the thermoset with highest biodegradation rate (MOHB+ME)
reached almost 70 % biodegradation. The biodegradation rates clearly
correlated with the chemical structure of the thermosets. Indeed, as
expected, slower biodegradation kinetics were registered in presence of
high content of aromatic structures and higher degrees of crosslinking,
while the introduction of ester-based aliphatic components and the
synergic action of ester and imine bonds increased the thermosets sus-
ceptibility towards biodegradation. In conclusion, we demonstrated the
possibility to tune the chemical structure of the photopolymerized
thermosets to enable repeated mechanical recyclability and/or suscep-
tibility to biodegradation at the end of their useful life. The introduction
of polyester-derived aliphatic component together with the contextual
presence of ester and imine bonds in the thermoset structure pave the
way to the design of next generation thermosets, which can be me-
chanically recycled or biodegraded at the end of their useful life.
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