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A B S T R A C T

Vegetable oils differing in the number and kind of reactive chemical sites were investigated as potential feedstock 
in reactions involving epoxy rings to produce sustainable polymeric thermosets. Sustainable polyether-polyester 
matrices were synthesized through the mixing of three different vegetable oils (castor, tung and sunflower oil) 
with maleic anhydride to promote their chemical activation, and subsequently induce the reaction with poly
ethylene glycol diglycidyl ether (PEGDGE). The interactions between double bonds and/or hydroxyl groups 
present in vegetable oils, anhydrides and epoxy rings within a solvent-free medium promote the expected 
chemical crosslinking, yielding polymeric thermosets that encompass the Green Chemistry tenets. Fourier 
transform infrared spectroscopy, thermogravimetric analysis, and differential scanning calorimetry tests were 
employed to validate the chemical reactions taken place during the synthesis, as well as to monitor the kinetics of 
curing. Moreover, a rheological characterization was conducted to assess the influence of both the vegetable oil 
and the ratio of reactive components on the ultimate mechanical properties. Although chemical crosslinking was 
suitably attained in all the systems studied, a more reinforced network with values of the storage modulus (G’) of 
54⋅105 Pa was obtained in those based on tung oil possessing the higher quantity of reactive functional sites; 
meanwhile, the presence of hydroxyl groups within the vegetable oil structure led to the production of more 
flexible thermosets (G’ of 6.2⋅105 Pa).

1. Introduction

Polymeric thermosets encompass a group of polymers that, upon 
curing, undergo a chemical cross-linking reaction leading to the for
mation of a permanent rigid three-dimensional network structure. 
Included in this category, polyurethanes are the most predominant ones 
commercially available, which may cover a wide range of applications 
including foams, coatings, or adhesives, among others (Brzeska and 
Piotrowska-Kirschling, 2021; Echeverria-Altuna et al., 2022). Never
theless, their production relies on petroleum-based raw materials and 
involves the use of potentially harmful compounds like isocyanates, 
which prompts researchers to seek more sustainable alternatives while 
preserving their fundamental properties. Exploring potential re
placements for polyurethanes, epoxy resins offer intriguing possibilities 
as thermosetting materials, which can be used in many industrial ap
plications like electronic insulation devices, encapsulation or trans
portation and construction materials due to their outstanding 

fundamental properties (Kotb et al., 2022; Liu et al., 2022). They are 
formed through a chemical reaction between an epoxy monomer and a 
curing agent or hardener, resulting in the creation of a robust cross
linked network. To date, the majority of commercially available epoxy 
resins are synthesized using precursors derived from bisphenol A, and 
amines as curing agents, which are recognized to represent health 
concerns due to their toxicological properties (Devansh et al., 2024; 
Morsch et al., 2023; Rosu et al., 2015). Consequently, ongoing efforts are 
being undertaken to address both the environmental and human health 
challenges by exploring and developing sustainable and eco-friendly 
options for traditional epoxy resins. A feasible approach to substitute 
these compounds that has emerging strongly in recent years deals with 
the development of epoxy-based thermosets with green characteristics 
and/or derived from renewable resources. However, although ongoing 
research is being conducted to address this challenge, the achievement 
of fully sustainable thermosetting formulations still requires substantial 
advancement. This is because the majority of these materials continue to 
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use solvents or reagents that do not entirely align with the Principles of 
Green Chemistry (Hasan and Bircan, 2022; Nabipour et al., 2023; Zhen 
et al., 2024). For instance, Zhen et al. studied the development of 
bio-based epoxy resins from epoxidized vegetable oils and lignin using 
N,N-dimethylformamide and 4-dimethylaminopyridine as solvents 
(Zhen et al., 2024). Likewise, Nabipour et al. also obtained bio-based 
epoxy resins with excellent mechanical properties but employing some 
harmful reagents like epichlorohydrin, ethanol or dichloromethane, 
among others (Nabipour et al., 2023). Aiming to overcome these 
drawbacks regarding the use of detrimental chemicals, the achievement 
of sustainable polymeric thermosets from bio-based resources, following 
a solvent-free synthesis route and avoiding the use of reagents with 
adverse environmental implications, is explored in this investigation. 
Thus, polyethylene glycol diglycidyl ether (PEGDGE) offers several 
benefits as a non-toxic epoxy monomer commercially available, which 
can act as a crosslinking agent in the production of epoxy resins. By 
possessing a long-chain structure with two epoxy groups at its ends, this 
epoxide fosters the formation of a strong three-dimensional network 
when it interacts with curing agents such as amines or acid anhydrides, 
offering the final epoxy formulations superior chemical resistance, 
formidable adhesion, and/or heightened mechanical strength (Amirova 
et al., 2016; Balgude et al., 2017; Kubota et al., 2024). Therefore, the 
reaction of PEGDGE with anhydrides, like maleic anhydride, may 
represent an interesting option to explore the sustainable production of 
epoxy-based thermosets. As well-known, maleic anhydride is a common 
reagent employed in a wide variety of industrial processes due to its 
great versatility in producing different intermediate compounds for 
multiple applications (Chen et al., 2023; Delli et al., 2024; Felthouse 
et al., 2000). Although it is not typically considered as a totally “green” 
substance, maleic anhydride can be synthesized from renewable re
sources, also contributing to minimizing the environmental impact in 
solvent-free processes (Cucciniello et al., 2023). However, some re
searchers have demonstrated that anhydrides do not directly react with 
epoxy groups. Instead, they require first the opening of anhydride rings 
through initiation reactions with other suitable reactive compounds 
leading to the formation of a monoester containing a carboxylic acid 
group, which subsequently becomes available for further interaction 
with epoxides (Kolář and Svítilová, 2007). Hence, the curing reactions 
involved in the synthesis of epoxy resins chemically modified with an
hydrides encompass different chemical interactions comprising initia
tors, catalysts and/or high temperatures (Fombuena et al., 2019; Wu 
et al., 2024). Indeed, a majority of researchers have reported the use of 
tertiary amine catalysts to facilitate the reaction of an epoxy-anhydride 
system, giving rise to a crosslinked network and the formation of poly
meric thermosets. However, notable environmental concerns arise due 
to the detrimental characteristics of amines, even when employed solely 
as catalysts (Huang et al., 2015).

In this respect, vegetable oils, recognized as renewable and sustain
able raw materials per excellence, contain both unsaturation and/or 
hydroxyl groups within their chemical composition, thus making them 
excellent precursors to chemically activate anhydrides (Eren et al., 
2003; Kale et al., 2019). For instance, tung oil, sunflower oil or castor 
oil, offer distinctive properties that make them valuable for the synthesis 
of novel polymeric materials particularly when activated with anhy
drides. Among them, the above-mentioned unsaturation degree or the 
presence of hydroxyl groups within their chemical structures, their 
inherent chemical and water resistance, or their plastizing properties, 
contribute to their effectiveness in this context. Additionally, their 
renewable and biodegradable character and their reactivity, for instance 
with anhydrides, further reinforce their potential as excellent candidates 
for creating a wide range of new sustainable materials (Sharma and 
Kundu, 2006). In this sense, the chemical reaction with anhydrides 
yields maleated vegetable oils, thereby significantly enhancing the 
sustainability aspect of the synthesized polymeric thermosets by 
increasing their renewable character. There are several mechanisms by 
which anhydrides can chemically modify vegetable oils. For instance, 

these modifications can occur via Diels-Alder reactions in oils containing 
conjugated dienes, through esterification in oils comprising hydroxyl 
groups, and/or using ‘ene-reactions’ in oils containing allylic hydrogens 
(Dayanne et al., 2018). For unsaturated vegetable oils, many authors 
suggested the formation of a new carbon-carbon bond between the fatty 
acid and the anhydride ring, with the subsequent shifting of the allylic 
hydrogen and the loss of the double bond of maleic anhydride. In those 
cases, the substitution takes place in the carbon double bonds of the 
vegetable oil molecule (Amos et al., 2021). However, when using a 
vegetable oil comprising hydroxyl groups in its chemical structure, like 
castor oil, the interaction with maleic anhydride involves the substitu
tion of the hydroxyl groups of castor oil by the maleic anhydride. This is 
due to the higher susceptibility to substitution of this group by other 
chemical compounds in comparison with their double bond’s counter
parts (Dayanne et al., 2018). In both cases, these maleated vegetable oils 
comprise a carboxylic group of monoester which would be prone to react 
with the epoxy groups contained in glycidyl ether compounds in the 
presence of accelerators, generating a diester and a new hydroxyl group 
via nucleophilic attack with the subsequent epoxy ring opening 
(Amirova et al., 2016; Fombuena et al., 2019).

These chemical reactions taking place between these three raw ma
terials would generate chemical crosslinked networks with suitable 
properties to be applied in different fields. This study focuses on the 
preparation of polymeric thermosets based on PEGDGE, maleic anhy
dride and vegetable oils (i.e., polyester- and polyether-based matrices) 
following a relatively simple and solvent-free synthesis route. The 
resulting materials exhibit promising mechanical properties that allow 
them to be proposed as sustainable alternatives to polyurethanes. In this 
sense, careful consideration has been given to accomplishing the Green 
Chemistry principles in the synthesis of polymeric thermosets. Special 
emphasis has been placed on selecting less hazardous chemical synthesis 
methods to minimize the environmental impact, also preventing waste 
production, and optimizing the atom economy by promoting the use of 
renewable materials. Additionally, the design of safer products, the use 
of solvent-free processes and the incorporation of renewable and/or eco- 
friendly resources have been prioritized, as well as the incorporation of 
catalyst compounds to improve efficiency and minimize the need for 
excess reagents (Anastas and Eghbali, 2010). Through all these efforts, 
this study seeks to promote sustainability and reduce the ecological 
footprint of the chemical processes involved, positioning these poly
meric materials as promising alternatives to traditional non-sustainable 
polyurethanes and polyesters. The influence of the type of vegetable oil, 
reflected in the number and kind of functional sites susceptible to 
chemical modifications, on the rheological properties of the final 
epoxy-based thermosets, as well as the kinetics and reaction pathways 
taking place during the curing process, have been explored in this work.

2. Experimental section

2.1. Materials

Castor oil (CO, Guinama, Valencia, Spain), tung oil (TO, Merck- 
Sigma Aldrich, St. Louis, USA) and sunflower oil (SO, local supermar
ket, Spain) were selected as vegetable oils to synthesize the sustainable 
polymers via crosslinking reaction with maleic anhydride (puriss., 
≥99 %), and polyethilene glycol diglycidyl ether (PEGDGE, average Mn: 
500 g/mol), both supplied by Merck-Sigma Aldrich (St. Louis, USA). 
Tetra-n-butylammonium bromide (TBAB, ≥98 %) was employed as a 
reaction accelerator.

2.2. Synthesis of polymeric thermosets

Epoxy-based polymeric thermosets were synthesized by mixing the 
vegetable oil and the epoxy compound in an open vessel until 100 ◦C 
was reached. Then, the desired amount of maleic anhydride was added 
to the mixture, increasing the temperature to 110 ◦C. When the 
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temperature was established, 1 wt% of catalyst (over total weight) was 
incorporated, and the reaction was carried out for 25 min to get a ho
mogeneous solution. After cooling down the mixture by immersing the 
vessel in an ice-containing bath, 12 g of sample was poured into rect
angle silicon moulds (dimensions: 8 ×5.5 ×2.5 cm in length, width, and 
thickness, respectively), which were placed in an oven and heated at 120 
◦C for 20 h to accomplish the curing process (see Fig. 1). The reagent 
proportions and sample codes are shown in Table 1, meanwhile, Fig. 2
shows the reaction mechanisms occurring during the synthesis, 
considering that sunflower oil follows the analogous reaction of tung oil.

2.3. Characterization techniques

Fourier transform infrared (FTIR) spectra of final or incipient (i.e. 
during curing) thermosets based on castor, sunflower and tung oil, as 
well as the raw materials such as neat oils, maleic anhydride and 
PEGDGE were acquired using an FT/IR-4200 spectrometer (JASCO, 
Tokyo, Japan) coupled with an attenuated total reflectance (ATR) 
accessory containing a monolithic diamond crystal. FTIR spectra were 
recorded in transmission mode at a resolution of 4 cm− 1 in the wave
number range of 400–4000 cm− 1.

A Q-50 thermal analyser (TA Instruments Water, USA) was used to 
assess the thermal degradation patterns of the raw materials and the 
synthesized formulations. Samples (10–20 mg) were placed in platinum 
pans, and mass losses were quantified by applying a temperature ramp 
from 30 ◦C to 600 ◦C at 10 ◦C min− 1 under a nitrogen atmosphere.

Differential scanning calorimetry was analyzed by using a DSC250 
(TA Instruments, New Castle, USA). ~10 mg of fully-cured or incipient 
(i.e. during curing) thermosets were placed in sealed aluminium pans 
and inserted in the measurement heating cell. Samples were heated 
while applying a nitrogen flow of 50 ml min− 1 from − 80–200 ◦C at 
10 ◦C/min.

Rheological characterization of fully-cured thermosets was per
formed using an ARES G2 rheometer (TA Instruments, USA) equipped 
with torsion geometries. Small-amplitude oscillatory torsional tests in 
the linear viscoelastic regime were performed in a frequency range of 
0.03–100 rad/s at 25 ◦C. Prior to the tests, rectangular specimens of 
dimensions of 35±2, 12.8±0.3 and 2.38±0.3 mm in length, width, and 
thickness, respectively, were obtained with the aid of a die cutting 
machine (ATS Faar, S.p.A, Milano, Italy).

At least two replicates of each experimental measurement or analysis 
were performed on fresh samples.

3. Results and discussion

3.1. FTIR

The chemical reaction occurring between the three different raw 
materials promoted by the catalyst action of the ammonium quaternary 
salt was deeply studied through infrared spectroscopy. Fig. 3 shows the 
FTIR curves for the new synthesized products based on the three types of 
oils in comparison with the pure raw materials. Thus, the different oils 

showed similar vibration peaks relative to their closely related molec
ular structure, with the exception of the peak corresponding to the hy
droxyl groups (O− H stretching vibrations) in the castor oil spectrum, 
which was shown at around 3400 cm− 1 (Panhwar et al., 2019). Apart 
from that, all of them displayed some common vibration bands like the 
relative to the C− H stretching vibrations of the cis-double bond at 
3007 cm− 1, or others located between 2980 and 2800 cm− 1 typical of 
asymmetrical and symmetrical stretching vibration of aliphatic − CH3, 
− CH2 fatty acid hydrocarbon chain. Moreover, the characteristic 
stretching band of triglyceride (C––O functional group) was detected at 
1742 cm− 1, together with cis C––C stretching vibration at 1642 cm− 1, 
bending vibrations of − CH2 scissoring aliphatic groups at 1460 cm− 1, 
and bending vibrations of − CH2 at 1375 cm− 1 (Rohman and Che Man, 
2012). The ester carbonyl group (C− O− C) typical of vegetable oils was 
detected due to its bending vibrations at 1238, 1156, 1097 and 
1030 cm− 1. Finally, the peaks displayed at around 990–970 cm− 1, 
which were more remarkable in tung oil spectrum (Schönemann and 
Edwards, 2011), were assigned to the vibrations of HC––CH (trans) 
bending out of plane, while at 860 cm− 1 and 722 cm− 1, the =CH2 
wagging vibrations and − CH2 rocking out of plane vibration of long 
chain fatty acid, respectively, took place (Fahmi et al., 2020; Silva et al., 
2021; Yi et al., 2019; Zhang et al., 2020).

However, when modifying the three types of oils with maleic an
hydride and PEGDGE to obtain crosslinked materials, several differences 
in the spectra were detected as a result of the different chemical re
actions. As mentioned above, vegetable oils are expected to react with 
maleic anhydride via C––C scission (Xiao et al., 2020) or castor oil hy
droxyl groups interaction (Alves et al., 2022), obtaining maleated 
vegetable oils capable of successfully reacting with epoxy compounds. In 
this sense, as can be noticed from Fig. 3a noticeable decrease in the 
intensity of the band at 3007 cm-1, relative to the C− H stretching vi
bration of the cis double bond of fatty acids, was detected for the three 
types of oil, which confirm the reaction with maleic anhydride via 
double bond scission. This was further corroborated in the case of tung 
oil, whose spectrum revealed the complete disappearance of HC––CH 
(trans) bending out of plane vibration bands at around 990–970 cm− 1. 
Regarding castor oil, a noticeable variation in the intensity of the vi
bration band related to the O− H bond at 3400 cm− 1 must be high
lighted, which suggests that the chemical modification also took place 
through the cleavage of its hydroxyl groups (Şahin et al., 2016). More
over, the binding of maleic anhydride into the oil molecular structure 

Fig. 1. Schematic flow diagram of the process followed to synthesize the polymeric thermosets.

Table 1 
Composition of the synthesized polymeric thermosets (CO, TO and SO in sample 
code refer to castor, tung and sunflower oils, respectively).

Samples 
code

Oil 
(%)

Maleic 
Anhydride (%)

Epoxy 
compound 
(%)

C––C*/Anhydride/ 
Epoxy molar ratios

CO− 1–1–1 47.06 14.83 37.81 1/1/1
TO− 1–1–1 21.64 21.95 55.96 1/1/1
SO− 1–1–1 33.36 18.67 47.59 1/1/1
CO− 0.5–1–1 30.80 19.41 49.49 0.5/1/1
CO− 1.5–1–1 57.13 11.99 30.57 1.5/1/1
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could be verified through the increase in the peak at 1642 cm− 1 because 
of the formation of new C––C linkages after its reaction with both 
nonconjugated double bonds and/or hydroxyl groups (Poletto, 2019; 
Tran et al., 2005; Wazarkar and Sabnis, 2018). On the other hand, the 
consumption of the total amount of maleic anhydride during the reac
tion could be corroborated by the absence of cyclic anhydride absorp
tion bands observed at 1853 and 1772 cm− 1 in the new synthesized 
materials spectra (Alves et al., 2022).

On the other hand, the chemical crosslinking produced when react
ing the maleated vegetable oils with the epoxy compound (PEGDGE) can 
also be corroborated by FTIR analysis. The nucleophilic attack of epoxy 
rings with maleic anhydride moieties through − COOH chemical sites is 
expected to occur, generating new hydroxyl groups as a consequence of 
the oxirane rings opening (Amirova et al., 2016), as can be seen in Fig. 2. 
This fact can be deduced from the spectra of Fig. 3, where a new and 
slight band at around 3400 cm− 1 was identified for SO and TO-based 
polymeric thermosets. In the case of samples synthesized with CO, the 
hydroxyl groups forming its molecular structure are expected to fully 
react with maleic anhydride, thus disappearing this vibration band at 
the end of this chemical reaction and re-emerging after epoxy grafting 
(Saeedi et al., 2019). Moreover, the binding of maleic anhydride to 
vegetable oil triglycerides and its further reaction with epoxy rings can 
be also verified using the C––O ester group vibration band, which was 
shifted from 1742 to 1720 cm− 1 in the spectra of all new synthetized 
materials (Khundamri et al., 2019; Wazarkar and Sabnis, 2018). On the 
other hand, the existence of new peaks in the spectra of polymeric 
thermosets, at 1093 and 950 cm− 1, relative to C− O− C stretching vi
bration, and those associated with C− H bending vibration bands at 1353 
and 845 cm− 1 from the PEGDGE structure, would confirm the incor
poration of the epoxy network into the molecular structure (Teng et al., 
2017). Finally, the vibration bands related to oxirane at 911, 856 and 
755 cm− 1 (C− O and C− O− C stretching of the epoxy group) shown in 
the molecular structure of PEGDGE, were not visible in the three syn
thesized biopolymers curves, thus confirming the completion of the 
crosslinking reactions due to the non-existence of closed epoxy rings 
(Khundamri et al., 2019; Tudorachi and Mustata, 2020; Yang et al., 
2016).

Fig. 2. Scheme of the chemical reactions involved in the synthesis of a) castor oil-based and b) tung oil-based polymeric thermosets. More detailed mechanistic 
insights of these reactions can be found elsewhere (Thakur et al., 2018; Tran et al., 2005).

Fig. 3. FTIR spectra for synthesized polymeric thermosets in comparison with 
neat raw materials.
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To better understand the curing process of samples, FTIR of castor 
oil-based formulation was monitored for 20 h and selected spectra are 
shown in Fig. 4. As detailed above, raw materials were mixed in different 
steps, first adding the vegetable oil and PEGDGE and heating up to 100 
◦C, then incorporating maleic anhydride and increasing temperature to 
120 ◦C, and finally adding the catalyst. In this sense, the first spectrum 
shown in Fig. 4(t-15 min) was taken 15 min after the addition of all 
reagents, when the mixture acquired a certain viscosity (60 cP approx.). 
At this point, the crosslinking reaction seems to be progressing, not only 
by detecting an increase in the viscosity of the mixture but also by a 
reduction in the vibration bands related to O− H and C− H of the cis 
double bonds at 3400 and 3007 cm− 1, respectively, as well as the 
appearance of a new band at 1642 cm− 1 associated with the formation 
of new C––C linkages after the opening of the anhydride ring and the 
further reaction with double bonds and/or hydroxyl groups. However, 
the presence of some vibration peaks at 1853 and 1772 cm− 1 related to 
the cyclic anhydride reveals that there are still moieties of unreacted 
maleic anhydride in the mixture. In addition, the bands at around 
950–750 cm− 1, also confirmed the existence of the oxirane group in the 
mixture.

Following the defined protocol, after 25 min of mixing, the blend 
was cooled down, poured into silicon moulds, and placed in an oven at 
120 ◦C for curing (t0h curve, referred to the moment the sample was 
placed in the oven). At this moment, the total consumption of remaining 
maleic anhydride moieties was verified, as its characteristic bands on the 
FTIR spectrum disappeared (1853 and 1772 cm− 1). Nevertheless, as 
deduced from the small vibration signals shown at 911, and 755 cm− 1, 
oxirane rings were still present in the polymer network when the moulds 
were placed in the oven, thus still having a non-fully crosslinked ma
terial with a predominantly viscous consistency. The progress of the 
crosslinking reaction can be monitored by calculating the peak area 
related to epoxy rings (911 cm− 1) as a function of time and correlating 
this with a reference vibration band which remains constant during the 
chemical reaction, for instance, that corresponding to C––O of triglyc
eride (1730 cm− 1). The evolution of such a ratio between the areas 
related to both the epoxy ring vibration peak (Aepoxy) and the reference 
and non-variable C––O signal (AC––O) is shown in Fig. 5a as a function of 
curing time. As can be seen, after approximately 5–6 h, no significant 
variation in this ratio is produced and therefore the curing process can 
be considered virtually completed.

3.2. TGA

A thermogravimetric analysis of the synthesized polymeric thermo
sets was also performed to verify the chemical crosslinking occurring 

Fig. 4. Monitoring the curing process by FTIR as a function of time for castor oil-based prototypes.

Fig. 5. Kinetic evaluation of the curing reaction for castor oil-based polymeric 
thermosets (sample CO-1–1–1) by means of a) epoxy ring evolution in FTIR, b) 
glass transition temperature in DSC, and c) tan δ in rheological tests.
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between the different components. Regarding the starting materials, as 
can be deduced from the curves and data shown in Fig. 6 and Table 2, all 
vegetable oils showed the most important degradation peak at around 
380–425 ◦C (referred to as the maximum degradation rate, Tmax), which 
is mainly related to thermal decomposition of unsaturated fatty acids of 
oils (Gomna et al., 2020; Gouveia De Souza et al., 2004). In this sense, 
some differences between oils are identified in terms of their tempera
ture resistance. Since tung oil is mainly composed of triglycerides of 
α-eleostearic acids, oleic acid, and linoleic acid, its molecular structure 
comprises the highest number of unsaturations compared to castor and 
sunflower oils (Schönemann and Edwards, 2011), thus showing the 
highest Tmax, i.e. 425 ◦C. As some authors pointed out, the existence of 
glyceryl esters of saturated fatty acid chains tends to degrade thermally 
faster than unsaturated chain fats, therefore shifting this peak to higher 
temperatures as the number of C––C in the oil microstructure increases 
(Subramanian, 2019; Tang et al., 2020). Moreover, all types of oils 
showed a small shoulder in their decomposition curves at around 
450–500 ◦C, responsible for the decomposition of secondary compo
nents present in the oil, including the formation of by-products.

Concerning the decomposition profile of the synthesized polymeric 
thermosets, these showed a single thermal degradation event at Tmax of 
around 379–400 ◦C, which is in accordance with the thermal degrada
tion temperature reported for similar bio-based epoxy-based crosslinked 
polymers (Mattar et al., 2020; Şahin et al., 2016). The absence of 
degradation peaks at lower temperatures confirms the total consump
tion of unreacted raw materials during the synthesis process, i.e. both 
maleic anhydride and PEGDGE, whose Tmax are found at 130 and 284 ◦C, 
respectively, as a consequence of the chemical crosslinking previously 

described (Omonov et al., 2019; Parada Hernandez et al., 2019). How
ever, a slight decrease in the decomposition temperatures (both in Tonset 
and Tmax) of SO-1–1–1 and TO-1–1–1 materials was noticed in com
parison to their oil counterparts. This can be explained by the increase in 
the number of ester groups forming the microstructural network after 
the chemical crosslinking, leading to a slight reduction in the thermal 
stability of the resulting polymeric materials (Liu et al., 2015). Instead, 
for the castor oil-based formulations, the thermal degradation profile 
remains almost similar to that shown by the pure oil, which could be 
justified by the new C––C functionalities produced during the cross
linking process, which enhances the thermal resistance, apart from the 
negative contribution of the new formed ester groups (Tang et al., 2020). 
Finally, as can be seen in Fig. 6, the slower degradation rate at high 
temperature of the CO-1–1–1 sample (see the shoulder of the peak in the 
derivative curve) also verifies the crosslinking reactions occurring via 
epoxy ring scission with maleated groups.

3.3. DSC

Fig. 7, 8 shows the differential scanning calorimetry curves of 
polyether-polyester thermosets in comparison to their raw materials 
counterparts. In agreement with the existing literature, castor oil shows 
a regular glass transition at − 64 ◦C (Tamási and Marossy, 2022), 
meanwhile, other complex thermal events were displayed by sunflower 
and tung oil. The first one exhibited two small exothermic peaks in the 
cooling ramp at − 16 ◦C and − 50 ◦C corresponding to the both phase 
transition of saturated fatty acid chains and low-melting unsaturated oil 
fraction, respectively. During the heating, the first melting of a crystal
lized portion of sunflower oil takes place at − 69 ◦C, followed by a 
re-crystallization and re-organization of polymorphic structures prior to 
the progressive melting of all crystals at − 20 ◦C (Calligaris et al., 2008). 
A similar trend was shown by tung oil, which exhibited similar 
exothermic events due to the saturated and unsaturated portions at − 36 
and − 48 ◦C, respectively, in the cooling ramp. Likewise, during the 
heating, the first melting followed by a re-crystallization was detected at 
− 69 ◦C, in this case reaching the progressive melting slightly earlier at 
− 33 ◦C. Regarding the derived bio-based polyether-polyesters, these 
formulations did not show any of these thermal events in the DSC curves, 
which indicates there are no free double bonds in the oil structure, as 
well as no anhydride or epoxy groups in the polymer after accomplishing 
the curing process (see Fig. 6). In this sense, the non-existence of peaks at 
around 50 ◦C confirms the total reaction of maleic anhydride moieties 
(Johns et al., 2016; Sain et al., 2020). Also, the total consumption of free 
epoxy rings in the polymer molecular structure was confirmed by the 

Fig. 6. Loss weight (a) and decomposition-rates (b) curves during the thermal degradation for raw materials and the castor oil-based thermoset.

Table 2 
Thermogravimetric typical parameters for the three synthesized polymers 
thermosets and their corresponding raw materials.

Sample Tonset 

(◦C)
Tmax 

(◦C)
Tfinal 

(◦C)
ΔW(%) Residue 

(%)

Castor oil 359 388 410 100 0
Sunflower oil 381 421 437 99.9 0.1
Tung Oil 390 425 455 99.4 0.6
Maleic 

Anhydride
88 130 133 99.9 0.1

PEGDGE 217/344 284/ 
356

291/391 21.8/ 
75.9

2.3

CO− 1–1–1 357 398 443 97.3 2.7
SO− 1–1–1 350 383 425 94.6 5.4
TO− 1–1–1 356 376 429 93.9 6.1
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disappearance of the exotherms related to epoxy groups at around 
150–200 ◦C (Jourdain et al., 2020). The fully cured polymeric thermo
sets just showed regular glass transitions for castor and tung oil-derived 
materials, and a melting event in the case of the sunflower oil-derived 
polyether-polyester (see Table 3), at higher temperatures than their 

corresponding base oils, which indicates an enhancement in the inter
molecular forces of the chemical structure due to hydrogen bonding 
eventually leading to chain mobility hindrance (Balgude et al., 2017; 
Michel and Ferrier, 2020).

The curing process can also be monitored by DSC analyzing the 
evolution of the glass transition temperature, Tg, as a function of the 
curing time, as shown in Fig. 5b for one selected formulation (CO- 
1–1–1). The glass transition was gradually shifted towards higher tem
peratures as curing time progressed, confirming the chemical cross
linking (Balgude et al., 2017) and, as can be seen, an almost constant Tg 
value was reached after 5–6 h, upon completion of the curing process, in 
agreement with the data obtained from FTIR analysis.

3.4. Rheology

After chemical crosslinking, solid-like formulations with similar 
consistency and visual appearance were obtained regardless of the base 
oil used to synthetize the bio-based polyether-polyesters (see Fig. 7). 
Fig. 9 shows the evolution of the viscoelastic functions with frequency 
obtained in torsional mode in the linear viscoelastic regime, respectively 
the storage (G’) and the loss (G’’) moduli and the loss tangent (tan δ), for 
the fully cured polymeric thermosets as a function of the vegetable oil 
employed as raw material. In general, the three curves showed values of 
the elastic (G’) modulus much higher than those shown by the viscous 
(G’’) one over the whole frequency range studied, corresponding to the 
so-called “rubbery plateau region” of the mechanical spectrum. This 
viscoelastic solid-like behaviour is typically observed in fully cured 
materials with a well-defined crosslinked three-dimensional network 
(Raghavan et al., 1996). However, some differences in the viscoelastic 
response were detected depending on the type of oil employed to syn
thesize the polymers. The values of both viscoelastic parameters 
increased as the number of functional sites in the oil fraction rose, with 
the tung oil-based polyether-polyester, which included 9 double bonds, 
showing the highest values of both rheological moduli. This effect can be 
explained by the formation of a stronger network dominated by a higher 
number of crosslinking points arising from the double bonds of this 
vegetable oil. As discussed above, the chemical interaction between the 
double bonds of the vegetable oil and maleic anhydride generates 
functional sites susceptible to reacting with the oxirane rings of the 
PEGDGE (Eren et al., 2003; Thakur et al., 2018), thus producing a more 
extensively reinforced network as the number of crosslinking points 
increases. In addition, whilst the G’ values were constant, and can be 
associated with the plateau modulus, GN

0 , defined elsewhere 
(Baumgaertel et al., 1992), G” steadily increased with frequency, indi
cating a close transition from the plateau to the glass transition region at 
this temperature. Alternatively, a reduction in the number of reactive 
sites dominating the vegetable oil used to synthesize the bio-based 
polyether-polyesters, i.e. sunflower or castor oils, with less reactive 
sites available for chemical modification, 5 and 3 respectively, gave rise 
to a notable decrease in both viscoelastic functions, showing the last one 
the lowest moduli due to the more flexible microstructural network 
obtained via reaction with hydroxyl groups. Moreover, a slight decrease 
in the slope of the G” curve can be also detected for these two 
polyether-polyesters at low frequencies, which suggests a shorter 
extension of the plateau region, thus highlighting the stronger gel 
characteristics of the tung oil-based polyether-polyester. However, the 
castor-oil-based polyether-polyester showed a stronger relative elastic 
response, i.e. lower loss tangent values (tanδ=G”/G’), with differences 
in G’ and G” values of almost three orders of magnitude in the whole 
frequency range studied despite the lower values of both viscoelastic 
functions Fig. 9b. This aligns with the glass transition temperatures 
obtained from DSC tests (see Table 3), wherein the CO-1–1–1 sample 
exhibited the lowest value (-40 ºC) in comparison to its counterparts.

Aiming to analyze the kinetics of the crosslinking reaction, the 
evolution of the dynamic functions with frequency was monitored 
during the curing process of the polyether-polyesters, as shown for 

Fig. 7. Differential scanning calorimetry curves for the synthesized thermosets. 
Heating ramps from 200 to − 80 ◦C and cooling ramps in the insets.

Fig. 8. Visual appearance of polymeric thermosets: a) TO-1–1–1, b) SO-1–1–1, 
c) CO-1–1–1, d) CO-0.5–1–1, and e) CO-1.5–1–1.

Table 3 
Thermal events occurring in polymeric thermosets in comparison with the neat 
raw materials.

Sample Tg/Tm (◦C) Tm (◦C)

Castor oil − 64 ​
Sunflower oil ​ − 69; − 20
Tung Oil ​ − 69; − 33
CO− 1–1–1 − 40.2 ​
SO− 1–1–1 − 12.5 ​
TO− 1–1–1 − 22.4 ​
CO− 0.5–1–1 − 31.8 ​
CO− 1.5–1–1 − 38.6 ​
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sample CO-1–1–1 in Fig. 10a. G’ and G” vs. frequency plots significantly 
evolve with the curing time. As can be seen, during the raw material 
mixing phase (t-15 min) and before heating the samples in the oven 
(t0h), a predominant viscous response was apparent, characterized by 
G” values higher than those of G’ in the whole frequency range studied 
(Lu et al., 2006). However, as the curing reaction progresses, G’’ ap
proaches G ’and eventually gives rise to a crossover. In fact, after 1 h in 
the oven (t1h curve), G’ and G” are almost coincident, roughly indi
cating the sol-gel transition (Suman and Joshi, 2020). Further, G’ 
increased much more rapidly than G” as a result of the formation of an 
extended crosslinking network, finally yielding the mechanical response 
previously described in Fig. 9. This is consistent with the evolution of 
both the free epoxy rings band in the FTIR spectra and glass transition 
temperature shown in Fig. 5a and Fig. 5b, respectively, in which a 
drastic change in the slope of the plots of these parameters is detected 
after 1 hour of samples curing. Moreover, the loss tangent (see Fig. 10) 
dramatically decreases from ~200 to ~1 (at 1 rad/s), after 1 h curing, 
indicating that the sol-gel transition point (tanδ=1) has been approxi
mately reached at this time, and further decreases to around 0.007 for 
the fully cured system. According to the Winter-Chambon rheological 
criterion to determine the gel point G’ ∝ G’’ ∝ ωn (Lu et al., 2006; 
Nohales et al., 2013), the gelation of these bio-based poly
ether-polyesters occurs after approximately 1 h upon initiation of the 
curing process, where the loss tangent is almost independent of fre
quency and n (the frequency dependence of both dynamic functions) is 

0.35–0.51(Chuang et al., 2022; Nohales et al., 2013; Wang et al., 2022; 
Winter and Chambon, 1986). Therefore, a viscoelastic gel was obtained 
after curing the samples for more than 1 h, when chemical crosslinking 
among the three functional sites, i.e., hydroxyls or double bonds, an
hydride, and epoxy groups, dominates the structure (Lu et al., 2005). In 
this sense, as can be seen in Fig. 10, the typical rheological behaviour of 
a crosslinked material was already obtained after 2 h in the oven (t2h 
sample) (J. Lu, Khot, and Wool, 2005). Hence, the frequency de
pendency (n, G’ ∝ ωn) varied with the curing time during the 
polyether-polyester synthesis process, evolving from the rheological 
behaviour of a viscoelastic polymer fluid at early stages (t-15 min, G’ ∝ 
ω1.2, G’’ ∝ ω1) to that of a completely crosslinked solid-like gel (G’ ∝ ω0) 
after curing the samples for 2–5 h (Lu et al., 2006; Zad Bagher Seighalani 
et al., 2021), which is in line with the results obtained in FTIR and DSC 
tests (see Fig. 5). A similar trend was previously detailed by some au
thors, who achieved fully cured materials after shorter periods of the 
curing process (Indrajati and Dewi, 2017).

Finally, the influence of CO proportion on the rheological properties 
of these polyether-polyester thermosets is shown in Fig. 11. The molar 
proportion of double bonds and hydroxyl groups comprising the castor 
oil was varied concerning anhydride and epoxy groups (see Table 1). By 
reducing the amount of castor oil used to synthesize the bio-based pol
yether-polyester (sample CO-0.5–1–1), the number of hydroxyl groups 
available to react with maleic anhydride decreases, thus remaining 
unreacted anhydride molecules in the mixture that could further 

Fig. 9. Frequency dependence of the storage, G’, and the loss, G’’, moduli (a) and the loss tangent (b) for polymeric thermosets as a function of chemical sites 
comprising the vegetable oil.

Fig. 10. Monitoring the rheological behaviour of one selected formulation (CO-1–1–1) as a function of curing time (G’, filled symbols; G’’, empty symbols).
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crosslink with epoxy rings. Therefore, the oxirane groups comprising 
PEGDGE could react with both the − COOH groups of the maleated oil 
structure and the remaining anhydrides which, in the presence of the 
catalyst would result in a reinforced network with more crosslinking 
points (Kolář and Svítilová, 2007). Otherwise, as can be seen in Fig. 11a, 
an increase in the hydroxyl/anhydride molar ratio in the mixture 
(sample CO-1.5–1–1) yielded a decrease in both viscoelastic functions. 
In such cases, two different effects are responsible for the modification in 
the rheological properties: i) the reduced number of crosslinking sites 
dominating the chemical network characterized by the presence of 
unreacted hydroxyl groups, and ii) the plasticizing effect of castor oil. 
The modification of the CO proportion in the formulation also resulted 
in a remarkable variation of the relative elasticity, as revealed by the loss 
tangent data (Fig. 11b). In this case, more relative elasticity was found 
for equal molar ratios of the three functional sites dominating the 
chemical reaction (sample CO-1–1–1), which aligns with the lower 
values of glass transition temperature previously shown in Table 3.

4. Conclusions

Sustainable polymeric thermosets were obtained by mixing different 
vegetable oils with maleic anhydride and an epoxy compound, as a 
result of chemical crosslinking. The chemical reaction between anhy
drides and the functional chemical sites in vegetable oils (i.e., double 
bonds and/or hydroxyl groups) readily activates the chemical structure 
and promotes the subsequent reaction with epoxy groups, thus pro
ducing a permanent rigid three-dimensional network. FTIR, TGA and 
DSC tests confirmed the chemical crosslinking occurring between the 
three raw materials. Tung and sunflower oils were observed to undergo 
the formation of their maleated structures via the scission of double 
bonds, whereas in castor oil samples, the cleavage of the hydroxyl 
groups was also evident, as deduced from FTIR tests. On the other hand, 
the absence of characteristic bands associated with oxirane rings 
allowed us to verify the reaction between these maleated structures and 
the epoxy groups, therefore confirming the formation of an extensive 
crosslinked network. Furthermore, the shifting of the thermal events in 
polymeric thermosets (i.e., glass transition and melting temperatures for 
tung and castor, and sunflower oil, respectively) to higher temperatures 
than their corresponding base oils, suggests an enhancement in the 
intermolecular forces of the chemical structure leading to chain mobility 
hindrance. That is typical of materials with a well-defined crosslinked 
three-dimensional network, which is additionally evidenced by the so- 
called “rubbery plateau region” of the mechanical spectrum obtained 
in the rheological tests.

A stronger network dominated by a higher number of crosslinking 
points was attained as the number of functional sites in the oil fraction 

rose, thus showing tung oil-based polymers the highest viscoelastic 
functions. Conversely, castor oil-based polymeric thermosets with less 
reactive sites exhibited a more flexible structure with enhanced chain 
mobility and higher relative elastic characteristics. The proportion of 
vegetable oil in the reacting mixture also produced a remarkable vari
ation in the rheological properties of samples, obtaining a more cross
linked structure when reducing the number of chemical sites in castor oil 
due to the interaction between unreacted anhydrides molecules in the 
mixture with epoxy rings.

The progress of the crosslinking reaction was monitored by the 
evolution of the epoxy peak area in FTIR, the glass transition tempera
ture and the loss tangent with time, obtaining no significant variation of 
these parameters after 5–6 h, and thus confirming the evolution from a 
viscoelastic polymer fluid at early stages to that of a completely cross
linked solid-like gel after that period.

Overall, a relatively simple and solvent-free synthesis route is pro
posed to prepare vegetable oil-based polyether-polyester thermosets 
with suitable mechanical properties that allow them to be proposed as 
sustainable alternatives to replace polyurethanes in different 
applications.
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