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aracterization of thermosetting
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for sustainable bonding solutions
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The demand for bio-based epoxy thermoset alternatives within the adhesive industry has seen substantial

growth in recent years. This increase is attributed to a heightened exploration of renewable materials,

including biopolymers and monomers derived from renewable resources. However, despite these

significant advancements, a considerable portion of the research primarily focuses on edible oils, which

may inadvertently neglect critical implications for food security. So, this study explores the thermal,

mechanical, and adhesive properties of epoxy thermosets derived from biobased epoxidized Thevetia

peruviana oil (ETPO) cured with two diamines, 1,10-decane diamine (DDA) and m-xylene diamine (XDA),

using imidazole (IM) as a catalytic initiator. The thermosets were evaluated for lap shear strength on

stainless steel (SS) and aluminium (Al) substrates at varying imidazole concentrations (0–5%) and curing

times (24–96 hours). The results show that DDA-cured thermosets demonstrate superior thermal stability

and heat resistance, with T5% increasing from 149 °C to 256 °C and THRI from 139 °C to 162 °C as IM

concentration rises. XDA-cured thermosets exhibit higher adhesive strength, peaking at 1.47 MPa on SS at

5% IM and 72 hours, but lower thermal stability, with T5% values decreasing from 157 °C to 68 °C.

Imidazole's catalytic efficiency enhanced the crosslinking in both systems, with DDA providing better

thermal stability and XDA delivering higher adhesive strength. These findings demonstrate the potential of

ETPO-based thermosets as sustainable adhesives, offering excellent performance for industrial applications.
Sustainability spotlight

This study advances sustainable adhesive technology by developing bio-based epoxy thermosets from Thevetia peruviana oil (ETPO), a non-edible, renewable
feedstock. By replacing petroleum-based adhesives with ETPO-derived thermosets, this research supports SDG 9 (industry, innovation, and infrastructure)
through eco-friendly material innovation, SDG 12 (responsible consumption and production) by promoting renewable resources, and SDG 13 (climate action) by
reducing reliance on fossil-based materials. Additionally, prioritizing non-edible oils addresses SDG 2 (Zero Hunger) by mitigating competition with food
resources. The thermosets exhibit excellent adhesive strength and thermal stability, demonstrating their viability as sustainable bonding solutions for industrial
applications. This work aligns with global efforts to transition towards greener, more sustainable material alternatives.
1 Introduction

The quest for eco-friendly polymeric materials has intensied
due to environmental concerns and the imperative to reduce
reliance on petroleum resources. This has spurred interest in
utilizing bio-based binders, such as modied vegetable oils or
lignin derivatives, for adhesive synthesis, offering unique
structural elements and enhanced adhesion properties. Adhe-
sives play a crucial role in bonding substrates through various
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y the Royal Society of Chemistry
mechanisms, inuenced largely by their chemical composition
and application methods.1 Epoxy resins, predominant in the
thermosetting polymer industry, have attracted attention for
their diverse applications, but the environmental and health
risks associated with bisphenol A-based compounds necessitate
the exploration of sustainable substitutes derived from bio-
based precursors, including vegetable oils, lignin, and poly-
phenols.2,3 Recent advancements in adhesive technology have
witnessed a shi towards sustainable alternatives, driven by the
imperative to mitigate environmental impact and reduce reli-
ance on fossil-based resources. Biobased feedstocks include
polyphenol, lignin, vanillin, sorbitol, and vegetable oil.4

Notably, vegetable oils have emerged as promising candidates
for the development of eco-friendly adhesives, offering advan-
tages such as renewability, biodegradability, and low toxicity.
RSC Sustainability
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However, the majority of studies in this domain have primarily
focused on edible oils, potentially neglecting the broader
implications for food security.

In alignment with global sustainability goals, particularly
Sustainable Development Goal (SDG) 12 (Responsible
Consumption and Production) and SDG 13 (Climate Action),
the development of thermosetting adhesives from renewable,
non-edible plant oils presents an effective route for reducing
greenhouse gas emissions and advancing circular bioeconomy
strategies.5 Biobased polymer systems, such as those derived
from vegetable oils, can signicantly reduce the carbon foot-
print associated with adhesive production and use.6 Moreover,
recent studies emphasize the need for credible testing methods
and environmental benchmarks to ensure the sustainability
claims of biobased products are veriable and reproducible.7

Such frameworks support the transition toward certied green
materials and facilitate integration into industrial applications.

Zohuriaan-Mehr and colleagues8 demonstrated the superior
adhesion strength of acrylated epoxidized sesame oil (AESSO)
and maleated castor oil thermosets compared to traditional bi-
sphenol A-based epoxy resin (DGEBA). This underscores the
potential of vegetable oil-derived adhesives as viable alternatives
to fossil-based counterparts. Similarly, Chen's group9 reported
the development of fully bio-based pressure-sensitive adhesives
(PSAs) incorporating epoxidized soybean oil (ESO) and rosin acid,
exhibiting enhanced adhesive properties and compatibility with
environmentally friendly materials. In a quest for recyclable
adhesives, Li's group10 formulated epoxy vitrimer adhesives from
epoxidized soybean oil (ESO) and dithiol borate ester, offering
superior adhesion strength and thermal stability. Moreover, the
dynamic borate ester bonds enabled the adhesives' reprocess-
ability and reusability, highlighting their potential for sustain-
able applications. Boga and coworkers11 introduced a novel
approach to reversible adhesives by combining epoxidized
soybean oil (ESO) with coumarins, capable of undergoing
reversible cycloaddition reactions under UV irradiation. This
design not only demonstrated impressive adhesion strength but
also exhibited high reuse efficiency, showcasing its potential for
recyclable adhesive systems. Furthermore, Qian and coworkers12

presented a green strategy for synthesizing a versatile resin from
epoxidized soybean oil (ESO) and highly branched polyamine,
yielding adhesives with exceptional bonding strength and lm-
forming ability. The tunable mechanical properties of the resin,
coupled with its pressure-sensitive adhesive characteristics,
underscore its potential for diverse applications.

Despite these signicant advancements, it is evident that
much of the research in this eld has been concentrated on
edible oils, potentially overlooking the implications for food
security.13 Hence, there remains a critical need to explore non-
edible oil sources for adhesive synthesis, aligning with the prin-
ciples of sustainability and resource conservation. Thevetia
peruviana oil (TPO), obtained from the seeds of Thevetia peruvi-
ana, stands out as one such resource due to its abundance and
potential for versatile utilization. Our prior work established an
eco-friendly extraction process for TPO from its seeds,13 followed
by epoxidation, leading to the synthesis of high-performance
thermosetting polymers by curing epoxidized TPO (ETPO) with
RSC Sustainability
dicarboxylic acids.14 This novel approach balances economic
feasibility and ecological sustainability, laying the groundwork
for TPO's use in protective coatings and reprocessable composite
matrices. Expanding on this foundation, the present study
focuses on synthesizing and characterizing thermosetting adhe-
sives from ETPO, exploring aliphatic 1,10-diaminodecane (DDA)
andm-xylene diamine (XDA) as curing agents. We aim to develop
adhesive formulations with robust bonding capabilities while
prioritizing environmental stewardship. Through comprehensive
analysis, we demonstrate the suitability of ETPO-based adhesives
for various bonding applications, offering sustainable alterna-
tives in adhesive technology and addressing contemporary chal-
lenges in adhesive engineering.
2 Materials

T. peruviana seeds were collected from regions in Pune, India
and were extracted and epoxidized to obtained ETPO in accor-
dance to the method stated in our previous studies.13,15 XDA was
obtained from Sigma Aldrich, USA, DDA from TCI Chemicals,
Japan, imidazole from Spectrochem PVT Ltd, India and CDCl3
from Meck, USA. All the reagents were used as received unless
otherwise specied.
2.1 Methods

2.1.1 Synthesis of ETPO thermoset adhesives. ETPO ther-
moset adhesives were prepared with an epoxy-amine ratio of 1 :
1 as previously described.14 First, the imidazole initiator (5 wt%)
was dissolved in ETPO at 100 °C with stirring at 500 rpm prior to
the addition of the amine hardeners. The curing mixture was
applied to an aluminium plate (200mm2 area, 60mg) and cured
according to the protocol determined by differential scanning
calorimetry (DSC).

2.1.2 Characterization. FTIR analysis was carried out using
a Bruker Tensor II FTIR spectrophotometer. To prepare the oil
samples, 1 mg of TPO or ETPO was dissolved in 1 mL of chlo-
roform. A background spectrum of chloroform was rst recor-
ded before measuring the sample solution using a NaCl
window. Infrared spectra of ETPO-TS were obtained in attenu-
ated total reectance (ATR) mode. For each sample, 32 scans
were collected over a wavelength range of 500 to 4000 cm−1. The
resulting spectra were processed using Opus 8 soware for
further analysis.

The reactivity of the curing mixtures was studied using
approximately 10 mg of each thermosetting formulation, sealed
in a 40 mL TA Hermetic aluminium pan. The samples were
heated from room temperature at a rate of 5 °C min−1 up to
300 °C across three cycles using a Q10 Differential Scanning
Calorimeter (DSC) from TA Instruments, under a constant
nitrogen ow of 50 mL min−1. An isothermal curing study was
conducted at predetermined temperatures based on the non-
isothermal analysis. Aer the scan, the temperature was
quickly reduced to room temperature and ramped at 10 °
C min−1 to 250 °C for a third cycle to measure residual
enthalpy.16 The degree of cure, a, was estimated using eqn (1)
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00782h


Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
30

/2
02

5 
4:

38
:3

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a ¼ DHt

DHT

� 100 (1)

where DHt is the heat of cure at a given time and DHT is the total
heat of reaction during non-isothermal curing. The activation
energy of the curing mixtures was calculated using the Ozawa
and Kissinger models (eqn (2) and (3), respectively), which
relate the heating rates (b) to the peak temperatures (Tp). The
kinetics analysis was based on the dependence of heating rates
on the peak temperatures, with the activation energy (Ea) and
pre-exponential factor (A) determined using the following17

dðln bÞ ¼ �1:502Ea

R
d

�
1

Tp

�
(2)

d

�
ln

b

Tp
2

�
¼ �Ea

R
d

�
1

Tp

�
(3)

The thermal stability of the cured thermosets was assessed
using a TGA Q5000 analyzer from TA Instruments. Approxi-
mately 6.0 mg of each sample was placed in a 100 mL platinum-
HT pan and heated from 50 °C to 900 °C at a rate of 10 °C min−1

under a nitrogen ow of 25mLmin−1. The heat resistance index
(THRI) of the thermosets was calculated using a formula based
on the temperatures where 5% (T5%) and 30% (T30%) weight loss
occurred, as per the method described by the authors of ref. 18.

THRI = 0.49 × {T5 + 0.6 (T30 − T5)} (4)

The water contact angle (WCA) was determined by using
a KRUSS instrument with droplets of Milli-Q water (2 mL). To
calculate the mean contact angle values, a minimum of three
repeated measurements were taken at various locations on each
epoxy surface.

A Universal Testing Machine (UTM) was used to evaluate the
thermoset samples. Aluminium and steel plates were prepared,
and 50 mg of thermoset adhesive was applied to each plate,
covering an area of 200 mm2. The adhesive was evenly distrib-
uted before the plates were joined to ensure proper contact. The
adhesive was then cured at 180 °C for 24 to 96 hours. Aer
Fig. 1 FTIR spectra of (a) ETPO, DDA, and ETPO-DDA thermosets; (b) E

© 2025 The Author(s). Published by the Royal Society of Chemistry
curing, the bonded area was measured, the specimen was xed
in the UTM, and tension was applied until failure occurred, with
the maximum force recorded. Data for each sample were
collected in triplicate. The lap shear strength was calculated
using eqn (5)

Lap shear strength
�
N mm�2

� ¼ maximum force ðFÞ
bonded area ðAÞ (5)
3 Results and discussion
3.1 Investigation of ETPO-DDA and ETPO-XDA
copolymerization by FTIR

ETPO oil was employed in the formulation of a series of ther-
moset adhesives through the reaction of ETPO with various
amines, maintaining a xed epoxy-to-amine ratio of 1 : 1. To
examine the structural changes associated with the reaction of
ETPO with DDA and XDA, in the presence of varying concen-
trations of imidazole initiator, a comprehensive series of
Fourier Transform Infrared (FTIR) analyses was conducted
(Fig. 1). The FTIR spectra of ETPO revealed a –C–O oxirane
stretching vibration at 826 cm−1, along with characteristic cis –
C–C bending at 723 cm−1 and –C–O stretching at 1165 cm−1.
The spectra also showed methylene and methyl (CH3) bending
vibrations at 1461 and 1382 cm−1, respectively, as well as
symmetrical and asymmetrical stretching of the methylene
group (CH2) at 2926 and 2853 cm−1. Additionally, the carbonyl
(–C]O) stretching of the ester appeared at 1743 cm−1. This is
similar to what we reported in our previous study.19 The spectra
of the diamines (Fig. 2a) display N–H stretching vibrations at
3751 and 3336 cm−1 for DDA, and at 3365 and 3282 cm−1 for
XDA, which are characteristic of primary amines, consistent
with the literature.20

The FTIR spectra of the cured thermosets show complete
consumption of the epoxy, as indicated by the disappearance of
the oxirane peak for both DDA and XDA-cured thermosets at all
imidazole concentrations. In contrast, the spectra of thermosets
cured without imidazole display residual epoxy peaks,
TPO, XDA, and ETPO-XDA thermosets at different IM concentrations.

RSC Sustainability

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00782h


Fig. 2 Thermograms of (a–d) ETPO-DDA and (e–h) ETPO-XDA. Ozawa linear regression for (i) ETPO-DDA and (j) ETPO-XDA. Activation energy
at different concentrations of IM for (k) ETPO-DDA and (l) ETPO-XDA.
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indicating incomplete curing. The primary amine peaks in DDA
and XDA were converted to a single N–H stretching and OH
peak at 3301 cm−1 in the cured samples, conrming the ring-
opening reaction between ETPO and the amines. The N–H
and O–H peaks oen merge, as noted in previous studies.21–23

The intensity of this peak increases with higher imidazole
concentration, indicating a faster cure rate at higher concen-
trations of imidazole.

The mechanism by which imidazole functions as an initiator
involves two complementary and parallel reaction pathways
(Scheme 1). In the primary pathway, imidazole acts as a nucle-
ophile, attacking the epoxy ring to form an imidazolium-
alkoxide intermediate. This intermediate can propagate
through successive epoxy ring openings via an etherication
mechanism, generating a polyether backbone and contributing
to crosslink formation. This mechanism has been recently
established.24,25 Concurrently, a second, parallel reaction
pathway occurs in which the diamine hardeners directly attack
the epoxy rings, resulting in b-hydroxyamine linkages via
a classic amine-epoxy addition mechanism (amination). These
two pathways, imidazole-initiated etherication and diamine-
mediated amination, synergistically contribute to the forma-
tion of a densely crosslinked thermoset network.26 At higher
imidazole concentrations, the increased availability of reactive
alkoxide species accelerates both pathways, enhancing the
overall cure kinetics and network formation. The dual-curing
mechanism explains the observed increase in cure extent and
mechanical performance with increasing imidazole content.
The overall reaction scheme is summarized in Scheme 2.
RSC Sustainability
In particular, the ETPO-derived thermoset adhesives could
be considered potentially recyclable because of the presence of
ester linkages in their crosslinked structure. These ester link-
ages, which come from the triglyceride structure of the vege-
table oil, are capable of undergoing carboxylate-catalyzed
transesterication reactions, which in simpler terms, may
rearrange spatially or chemically break down the thermoset
matrix, at elevated temperatures or in a basic environment.
Studies done in the past on vegetable oil-based vitrimers and on
recyclable epoxy systems showed that the bond exchange
mechanism of ester networks featuring dynamic covalent bonds
provided reprocessability and healability and full dissolution in
alkaline media.27,28 Therefore, the ETPO thermoset system is in
accord with the principles of dynamic covalent chemistry, and
thus, ester functionality provides opportunities for the design of
sustainable and reprocessable bio-based adhesives.
3.2 Differential scanning calorimetric study of ETPO-DDA
and ETPO-XDA curing mixtures

The reactivities of curing mixtures consisting of ETPO and two
diamines, XDA and DDA, with IM as an initiator, were examined
through differential scanning calorimetry (DSC) analysis. The
corresponding thermograms at different heating rates and
concentrations of the initiator are shown in Fig. 2. The ther-
mogram of the ETPO-DDA mixture exhibits endothermic peaks
corresponding to the melting points of DDA, consistent with
observations in other studies.15,29 Conversely, the ETPO-XDA
mixture does not display such peaks since XDA's melting
point is lower than room temperature. The DSC curves provide
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Possible dual-curing mechanism of ETPO with diamines in the presence of an imidazole initiator, showing parallel (a) etherification
(imidazole-initiated) and (b) amination (diamine-initiated) pathways.
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critical insights into the onset and progress of ring-opening
polymerization (ROP), which is characterized by distinct
exothermic peaks indicating the curing reactions of the epoxide
rings with the diamines.

For the ETPO-DDA system (Fig. 2a–d) at a heating rate of 5 °
C min−1, the uncatalyzed mixture exhibited an onset tempera-
ture of 119 °C with a peak exotherm at 192 °C, indicating that
the ROP occurs at relatively high temperatures in the absence of
a catalyst. Upon introducing 1% IM, the onset dropped to 93 °C,
and the peak shied to 180 °C, suggesting that the imidazole
initiates an earlier and more efficient curing process. Further
increases in IM concentration continued to reduce the peak
temperatures: at 3% IM, onset was 101 °C, peaking at 171 °C,
while at 5% IM, onset dropped further to 88 °C, peaking at 162 °
C. A similar trend was observed for the ETPO-XDA system
(Fig. 2e–h), underscoring the catalytic role of imidazole in
promoting earlier ring-opening reactions.

These results clearly demonstrate that the exothermic events
in the DSC thermograms correspond to the ROP curing of ETPO
Scheme 2 Possible reaction for the synthesis of the ETPO-amine therm

© 2025 The Author(s). Published by the Royal Society of Chemistry
with the diamine hardeners. The reduction in onset and peak
temperatures with increasing IM concentration indicates
a more efficient initiation mechanism, likely due to enhanced
nucleophilic attack on the epoxy groups. Additionally, the
distinct differences between catalyzed and uncatalyzed ther-
mograms suggest a shi in the curing pathway upon IM addi-
tion, possibly involving different reactive intermediates or
propagation steps.

Fig. 2k and l depict the curing activation energy values for
ETPO-DDA and ETPO-XDA adhesives, respectively, at varying IM
concentrations, estimated using the Ozawa model (Fig. 1i and
j). The data reveal that the activation energy for uncatalyzed
curing is signicantly higher compared to catalyzed curing,
underscoring the crucial role of the imidazole catalyst in facil-
itating the curing process. Moreover, an increase in catalyst
concentration further reduces the activation energy in both
cases. This reduction is attributed to the higher initiator
concentration producing more initiated chains, which leads to
a highly selective copolymerization reaction, thus minimizing
oset.

RSC Sustainability
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Table 1 T5%, T30% and THRI for ETPO thermosets determined by TGA
analysis

ETPO thermosets T5% (°C) T30% (°C) THRI (°C)

ETPO-DDA-1%IM 149 374 139
ETPO-DDA-3%IM 155 379 142
ETPO-DDA-5%IM 256 382 162
ETPO-XDA-1%IM 157 367 139
ETPO-XDA-3%IM 97 376 130
ETPO-XDA-5%IM 68 358 119
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unwanted reactions and lowering the activation energy.30 This
observed trend aligns with the ndings of the Resch-Fauster
group23 during the curing of epoxidized linseed oil. The differ-
ences in curingmechanisms between catalyzed and uncatalyzed
reactions are also evident in the distinct thermograms (Fig. 2) of
these reactions.

The results also indicate that the reactivity of XDA towards
ETPO is higher than that of DDA, as evidenced by the lower
activation energy of the ETPO-XDA mixture compared to the
ETPO-DDA mixture. Several factors contribute to the higher
reactivity of epoxy with XDA. XDA's more compact structure,
with two amine groups attached to a benzene ring, leads to less
steric hindrance during the curing reaction. In contrast, DDA's
long, exible aliphatic chain introduces greater steric
hindrance, reducing the accessibility of amine groups for
reaction with the epoxy groups.31 Furthermore, the benzene ring
in XDA can delocalize electron density, enhancing the nucleo-
philicity and reactivity of the amine groups towards the epoxy
resin. The aliphatic chain in DDA lacks such electron-donating
characteristics, resulting in lower nucleophilicity of the amine
groups.31 The lower activation energy observed in the epoxy-XDA
system suggests a lower energy barrier for the curing reaction,
possibly due to the structural rigidity of XDA, which promotes
a more favorable orientation for the reaction, reducing the
energy required for the transition state compared to the more
exible DDA.32

This study builds on and extends recent investigations into
the reactivity of bio-based epoxidized oils with multifunctional
curing agents. For instance, Mija's33 and Chen's groups34 have
demonstrated that the curing of epoxidized linseed oil and
soybeans with dicarboxylic acids is strongly dependent on the
concentration and type of imidazole initiator used, where
increased initiator levels reduced the activation energy signi-
cantly, similar to the current ndings with ETPO-XDA and
ETPO-DDA systems. Similarly, Kumar et al.35 reported the
imidazole-catalyzed curing of epoxidized soybean oil (ESO) with
anhydrides, emphasizing the catalytic inuence on curing
kinetics and crosslink density. However, the current study
distinguishes itself by comparing aliphatic and aromatic
diamines as curing agents in the presence of imidazole, a rarely
explored combination in epoxidized oil thermoset research.
Notably, while other studies oen use anhydrides or carboxylic
acids, this work investigates primary amines, enabling deeper
insight into the inuence of backbone rigidity and steric effects
on curing behavior and adhesive properties. The lower activa-
tion energy and enhanced reactivity of the XDA system
compared to DDA offers a new direction for optimizing both
kinetics and network architecture in biobased epoxy adhesives.
3.3 Thermal behaviour of ETPO thermosets

The thermal properties of ETPO thermosets were assessed using
thermogravimetric analysis (TGA), with the results summarized
in Table 1 and thermograms shown in Fig. 3. TGA data,
including temperatures at 5% and 30% decomposition (T5%
and T30%) and the heat resistance index (THRI), highlight the
impact of varying imidazole (IM) concentrations on the thermal
RSC Sustainability
stability of the thermosets. Higher imidazole concentrations
signicantly improve the thermal stability of DDA-cured ther-
mosets. T5% increased from 149 °C at 1% IM to 256 °C at 5% IM,
while T30% rose from 374 °C to 382 °C. This increase reects
more extensive crosslinking, which enhances thermal resis-
tance, consistent with previous studies on vegetable oil-based
thermosets.36 THRI values also rose from 139 °C to 162 °C,
indicating improved heat resistance with increasing IM
concentrations. However, XDA-cured thermosets exhibit
a different trend. While T30% remains relatively stable (358 °C to
376 °C), T5% decreases from 157 °C at 1% IM to 68 °C at 5% IM,
suggesting premature decomposition at higher IM concentra-
tions. This reduction is likely due to less efficient crosslinking
in XDA systems, where the rigid aromatic structure may hinder
uniform network formation, leading to localized weaknesses
and early degradation.37,38 THRI values also decrease from 139 °C
to 119 °C, indicating a potential destabilizing effect of excessive
imidazole on XDA-cured thermosets.

These results suggest that DDA's exible aliphatic structure
promotes better crosslinking and thermal stability, while XDA's
rigidity leads to complex degradation pathways, including the
breakdown of aromatic structures.38 Imidazole's efficiency as
a catalyst varies with the curing agent, impacting crosslinking
density and overall thermal properties.39–42
3.4 Adhesive strength and wetting behaviour of cured ETPO
thermosets

The lap shear strength of ETPO thermosets cured with XDA and
DDA was evaluated on aluminium (Al) and stainless steel (SS)
substrates at varying IM concentrations and curing times. The
results, illustrated in Fig. 4, reveal several key trends in adhe-
sion performance. For both XDA and DDA, the lap shear
strength increased with curing time, peaking at 72 hours.
Beyond this point, the strength either plateaued or slightly
decreased, suggesting an optimal curing time of 72 hours for
maximum adhesive performance. At 0% IM, the lap shear
strength of DDA on Al increased from 0.0014 MPa at 24 hours to
0.35 MPa at 96 hours, and on SS from 0.015 MPa to 0.43 MPa.
With 1% IM, the strength peaked at 0.222 MPa on Al and
0.266 MPa on SS at 72 hours. At 3% IM, the maximum strength
reached 0.43 MPa on Al and 0.53 MPa on SS at 72 hours. The
highest strength with DDA was observed at 5% IM, reaching
0.788 MPa on Al and 1.11 MPa on SS at 72 hours.

For XDA, the lap shear strength on Al increased from
0.013 MPa at 24 hours to 0.41 MPa at 96 hours, and on SS from
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TGA thermograms of the (a) ETPO-DDA and (b) ETPO-XDA adhesives at different IM conc.
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0.028 MPa to 0.59 MPa at 0% IM. At 1% IM, the strength peaked
at 0.34 MPa on Al and 0.384 MPa on SS at 72 hours. At 3% IM,
the maximum strength reached 0.6 MPa on Al and 0.68 MPa on
SS at 72 hours. The highest strength with XDA was recorded at
5% IM, with 0.952 MPa on Al and 1.47 MPa on SS at 72 hours.
XDA consistently showed higher lap shear strength compared to
DDA across all imidazole concentrations, indicating that XDA
may facilitate a higher crosslinking density within the ETPO
matrix. The loss of strength with XDA beyond 72 hours is
probably caused by over-curing effects. XDA, as an aromatic and
stiff component, creates a highly crosslinked network early in
the curing process. Sustained thermal exposure beyond the
optimal point of crosslinking might trigger internal stress
buildup, embrittlement, and microvoid formation at the
adhesive-substrate interface, resulting in diminished lap shear
performance.43 Furthermore, excess post-curing can cause
interfacial adhesion degradation because of hindered mobility
of network chains and potential oxidative or thermal degrada-
tion in localized areas.44 Conversely, the aliphatic and exible
nature of DDA allows for slower and more gradual crosslinking
with the ability of the thermoset to withstand extended curing
times without mechanical degradation.

Adhesive strength was always greater on stainless steel (SS)
than on aluminium (Al). One may attribute this difference to
differences in surface chemistry and surface energy. Stainless
steel is normally present with chromium, which helps to form
a passive oxide layer with increased surface reactivity.45

Although we did not carry out surface analysis to verify the
precise surface composition, it is documented that these oxide
layers are capable of supporting secondary interactions (e.g.,
hydrogen bonding or polar interactions) with polar functional
groups like epoxides.46 In contrast, Al forms a stable oxide layer
that is less reactive, hindering strong bond formation with the
adhesive.47,48

The contact angle measurements further clarify the observed
adhesion trends (Fig. 4e). ETPO-DDA-5%IM exhibited a contact
angle of 110.4 ± 0.33°, while ETPO-XDA-5%IM recorded
© 2025 The Author(s). Published by the Royal Society of Chemistry
a slightly higher value of 113.08 ± 0.33°. These values indicate
relatively hydrophobic adhesive surfaces with limited wetting
on both substrates.49 The marginally higher contact angle for
ETPO-XDA suggests reduced spreading and interfacial interac-
tion, which may partially explain the observed decline in lap
shear strength of XDA systems upon prolonged curing despite
their higher initial crosslink density. Thus, while XDA confers
higher cohesive strength to the adhesive matrix, its lower
wettability compared to DDA may restrict optimal interfacial
adhesion, particularly at extended curing times when embrit-
tlement becomes more pronounced.

The adhesion strength increased with curing time and IM
concentration, peaking at 72 hours and 5% IM concentration,
respectively. Longer curing times allow for more extensive
crosslinking within the thermoset matrix, enhancing the
cohesive strength of the adhesive.50 Higher imidazole concen-
trations accelerate the curing reaction, leading to a more
densely crosslinked network, which translates to higher adhe-
sion strength.51 Imidazole, as a nucleophilic catalyst, improves
the nucleophilicity of the amine hardeners, facilitating the ring-
opening polymerization of epoxy groups. This results in a more
efficient curing process, particularly at higher imidazole
concentrations, where the formation of imidazolium interme-
diates accelerates the reaction.30

These results align with previous studies on vegetable oil-
based epoxy adhesives.11,52–55 Zhang et al.56 obtained a shear
strength of 1.7 MPa from isophthalic acid-functionalized
soybean oil, while Del Prado et al.57 achieved 1.5 MPa using
plant oil-acrylate epoxy latex from palm, rubber seed, and
Sapium sebiferum oil. Most of these studies used edible vege-
table oil without consideration for sustainability in terms of
food security.

To evaluate short-term durability, selected formulations
were immersed in water for 24 h and tested for lap shear
strength (Fig. 4f). Post-immersion values were 0.712 MPa
(ETPO-DDA-5%IM/Al), 0.731 MPa (ETPO-DDA-5%IM/SS),
1.0087 MPa (ETPO-XDA-5%IM/Al), and 1.1778 MPa (ETPO-
RSC Sustainability
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Fig. 4 Lap shear strength of (a) ETPO-DDA adhesives on aluminium sheets; (b) ETPO-DDA adhesives on stainless sheets; (c) ETPO-XDA
adhesives on aluminium sheets; and (d) ETPO-XDA adhesives on aluminium sheets cured at different IM concentration and time; (e) LSS under
water for 24 h; (f) contact angle of ETPO-DDA-5%IM and ETPO-XDA-5%IM.
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XDA-5%IM/SS), corresponding to strength retentions of ∼90%,
∼66%, ∼100%, and ∼80% of their dry values, respectively. The
XDA-based systems maintained the highest absolute and rela-
tive strengths, reecting their higher crosslink density and
greater hydrophobicity, which reduced water ingress and
hydrolytic degradation. In contrast, the larger loss observed for
DDA on SS indicates greater interfacial vulnerability to water-
induced debonding.
4 Conclusion

This study highlights the versatility of epoxy thermosets derived
from epoxidized Thevetia peruviana oil (ETPO) as bio-based
RSC Sustainability
adhesives for industrial applications. The results demonstrate
that DDA-cured thermosets exhibit superior thermal stability,
with higher T5%, T30%, and THRI values, making them ideal for
high-temperature environments. On the other hand, XDA-cured
thermosets provide higher adhesive strength, especially on
stainless steel substrates, but are more prone to premature
degradation. The inuence of imidazole as a catalyst signi-
cantly enhances crosslinking, leading to improved mechanical
and thermal properties in both DDA and XDA systems. The
optimal performance in adhesive strength was observed at 5%
IM concentration and 72 hours curing time, suggesting
a balance between catalyst efficiency and crosslink density.
These ndings demonstrate the potential of ETPO-based
© 2025 The Author(s). Published by the Royal Society of Chemistry
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thermosets as sustainable alternatives to conventional
petrochemical-based adhesives, contributing to the develop-
ment of eco-friendly materials with promising thermal and
mechanical properties for various industrial applications.
Importantly, this work aligns with global sustainability frame-
works, particularly the United Nations Sustainable Develop-
ment Goals (SDGs).
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