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� Akadémiai Kiadó, Budapest, Hungary 2019

Abstract
In the present study, TEIA bioresin was blended with the diglycidyl ether bisphenol A (DGEBA) epoxy resin in different

ratios (i.e. 10, 20, 30, 40 mass%), cured with methylhexahydrophthalic anhydride curing agent in the presence of

2-methylimidazole catalyst. The optimized composition of DGEBA and TEIA bioresin blends system was employed as an

adhesive strength. The adhesive strength of the TEIA-modified DGEBA epoxy resin blend system was increased from 4.14

to 6.31 MPa on an aluminium substrate compared to the DGEBA epoxy resin. The curing kinetics of non-isothermal,

DGEBA epoxy resin and its bio-based blend systems were investigated employing differential scanning calorimetry. An

increase in the peak temperature and reduction in a heat of curing as well as activation energy in DGEBA epoxy resin were

observed with the addition of TEIA bioresin content. The activation energy (Ea) of the DGEBA resin and their bio-based

blend system were obtained from Kissinger and Flynn–Wall–Ozawa methods.
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Introduction

Owing to the increasing of environmental, uncertainty of

finite petrochemical feedstock as economic concern has

spurred much research in developing bio-based epoxy resin

[1, 2]. However, a further advantage of the bio-based

building blocks compounds exhibits a new structure feature

and demonstrates an unprecedented property compared to

the petroleum feedstock. Until now, bio-based epoxy resin

derived from natural resources such as eugenol [3–5], rosin

acid [6–8], vegetable oil [9–13] and isosorbide [14–16]

earlier have been reported.

Diglycidyl ether bisphenol A (DGEBA) epoxy resin is

one of the most extensively employed epoxy resins because

of its higher chemical resistance, good thermal properties

and high adhesion strength to various substrates. These

properties bestow various applications of DGEBA epoxy

resin in different fields such as coatings, adhesive, paint

and other engineering applications [17]. The properties of

DGEBA epoxy resin are decided mostly via their chemical

composition and their curing conditions. Conversely, cured

DGEBA epoxy resin demonstrates a lower toughness due

to the existence of rigid aromatic ring structure in the

backbone. The toughness of the brittle DGEBA epoxy resin

is enhanced by the incorporation of elastomers, ther-

mosetting and thermoplastic polymers. Because of the

molecular structure of DGEBA, it can be easily modified

for various applications considering its versatile properties

[18].

The curing kinetics, process of the thermosetting poly-

mers by using cyclic anhydride as a curing agent have been

investigated by numerous researchers [19–21] and bestows

sufficient detail of the process development and to

improving the quality of the final product. The properties

of the cured DGEBA system depend on the character and
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functionality of the DGEBA epoxy resin and curing agent.

Commonly, amine and carboxylic acid anhydride are uti-

lized as curing agent for DGEBA epoxy resins. Therefore,

amine-cured DGEBA exhibits poorly cross-linked network,

while anhydride-cured bio-based epoxies are more rigid

and have a higher glass transition temperature (Tg) and less

curing shrinkage [22–24]. Further, the anhydride curing

agent has a number of benefits such as low viscosity,

readily miscible with DGEBA epoxy resin, very low exo-

therm, extremely long pot life and less hazardous compared

to the amine curing agent. Extensively, the anhydride-

cured product has good electrical, chemical and mechani-

cal properties.

In the current research, several researchers studied the

effect of various anhydride-based curing agents and cata-

lysts on properties of cured epoxidized plant oils and their

blends [25–27]. Amongst the anhydride-based curing

agents, methylhexahydrophthalic anhydride (MHHPA) is a

low viscous liquid at room temperature and highly

preferable due to its properties such as high reactivity,

short molecular chain and rigid structure.

Methylhexahydrophthalic anhydride (MHHPA)-cured

epoxidized linseed oil (ELO) catalyzed by 2-methylimi-

dazole exhibits good thermal stability reported by Pin et al.

[28]. MHHPA is a high-temperature curing agent, and the

addition of 2-methylimidazole (2-MI) as a catalyst bal-

ances the pot life and drastically reduced the curing tem-

perature of the reaction, and improves the mechanical,

thermal properties of the DGEBA and its blend system

since it acts as a more active initiator for faster cross-

linking [29]. Furthermore, 2-MI was more effective than

1-methylimidazole, tertiary amines, 1,8-diazabicy-

clo[5.4.0]undec-7-ene (DBU), or dimethylaminopyridine in

initiating the polymerization of epoxidized soybean oil and

DGEBA epoxy resin, and the resulting network revealed a

higher anhydride conversion.

Patel et al. [30] investigated the effect of anhydride

structure on the curing kinetics, and the results exhibit

higher curing reactivity of hexahydrophthalic anhydride

(HHPA) compared to phthalic anhydride (PA). Nowadays,

many researchers reported the curing kinetics of DGEBA

epoxy resin and bioresin. Differential scanning calorimetry

(DSC) is one of the extensively utilized techniques to

investigate the curing kinetics of DGEBA epoxy resin in

isothermal or dynamic mode using various kinetic models.

The Kinetics Committee of the International Confederation

for Thermal Analysis and Calorimetry (ICTAC) recom-

mendations were followed for collection of kinetic data and

performing kinetic computations [31].

Current investigation based on the development of TEIA

network from the decarboxylation, and epoxidation of

itaconic acid (IA) and prepared DGEBA/TEIA blend sys-

tem were cured with MHHPA in the presence of a 2-MI

catalyst, which is not reported until now. Curing kinetics

and mechanical properties of DGEBA epoxy and its bio-

based blend system were investigated. The activation

energy (Ea) of the DGEBA epoxy resin and DGEBA/TEIA

blend systems was determined by using Kissinger and

Flynn–Wall–Ozawa methods (FWO). The adhesive prop-

erties such as lap shear strength (LSS) of the DGEBA

epoxy resin and its bio-based blend system were investi-

gated with the universal testing machine (UTM).

Experimental

Raw materials

Araldite GY 250 (epoxide equivalent weight (EEW) of

183–189 g eq-1), diglycidyl ether of bisphenol-A

(DGEBA) epoxy resin were purchased from Huntsman

International (India) Pvt. Ltd., Mumbai. Methylhexahy-

drophthalic anhydride (MHHPA[ 99%, equivalent weight

168), allyl bromide and 2-methylimidazole ([ 99% 2-MI)

and itaconic acid (IA[ 99%) (M.wt.130.10) were obtained

from TCI Chemicals (India) Pvt. Ltd. All other chemicals

and materials were employed as received. The structures of

the used chemicals are shown in Fig. 1.

Synthesis of itaconic acid based bioresin

Step I: Dehydrobromination of itaconic acid and allyl
bromide

In a 500 mL three-necked round-bottom flask equipped

with a magnetic stirrer, a thermometer and reflux condenser

was filled with itaconic acid (IA) (25 g), allyl bromide

(93.5 g), acetone (250 g), N,N-dimethylformamide (50 g)

and K2CO3 (58.5 g). The solution was stirred at room

temperature for 15 min. After the mixture was heated at

60 �C and reflux for 12 h, the product was formed after

removing acetone and un-reacted allyl bromide. The pro-

duct was diluted with dichloromethane and washed with

deionized water, and produced modified itaconic acid

(MIA) as amber-like colour of 97% yield.

Step II: Epoxidation of modified itaconic acid (MIA) with m-
CPBA

Further, the modified itaconic acid (MIA) (35 g), dichlor-

omethane (153.6 g), and m-chloroperoxybenzoic acid (m-

CPBA, 153.8 g) were charged into a 500 mL three-necked

round-bottom flask equipped with a magnetic stirrer, a

thermometer and reflux condenser and maintained the

temperature at 40 �C for 4 days. After cooling, the solution

was filtered and washed with 10% aqueous solution of

1568 S. Kumar et al.

123



sodium sulphite (Na2SO3) followed by distilled water. The

bio-based epoxy resin from itaconic acid (TEIA) was

obtained after removing dichloromethane (DCM), and the

yield was 85%. The epoxy value and an epoxy equivalent

weight (EEW) of bio-based epoxy resin (TEIA) were

investigated by the hydrochloric acid-acetone method and

are found to be 1.02 and 98 g eq-1, respectively [32, 33].

The reaction scheme is shown in Fig. 2.

Synthesis of bio-based DGEBA blend adhesive
network

DGEBA/TEIA blend adhesives network were prepared by

blending the two epoxy resins of various weight ratios of

DGEBA/TEIA shown in (100/0, 90/10, 80/20, 70/30,

60/40). The DGEBA and TEIA were mixed using a digital

mechanical stirrer followed by ultrasonication for 30 min.

Then, the mixture was kept in vacuum oven at 70 �C for

20 min to remove air bubbles. Subsequently, the stoichio-

metric amount of MHHPA and 2-MI catalyst was added to

the DGEBA/TEIA resin mixture as per the epoxy equiva-

lent weight (EEW) of the resin mixture and continuously

Fig. 1 Chemical structures of

IA, DGEBA, m-CPBA,

MHHPA and 2-MI

Itaconic acid (IA)
Allyl bromide Reflux 12 h 60 °C

Dehydrobromination

Modified itaconic acid (MIA)

Epoxidation
m-CPBA

40 °C

Trifunctional epoxy resin from itaconic acid (TEIA)

Fig. 2 Synthesis of itaconic-

based TEIA bioresin
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stirred for homogenization. Then, it was degassed in a

vacuum oven at 60 �C for 15 min and poured into a pre-

heated mould sprayed with silicon spray. The samples were

cured at 160 �C for 2 h to obtain a completely cured resin.

All the specimens were cured under the same temperature

condition.

Characterization techniques

FT-IR and 1H NMR analysis

Fourier-transform infrared (FT-IR) spectra of IA, MIA and

TEIA resin were recorded using FT-IR spectrometer

(Thermo Scientific, Nicolet 6700, USA). Each spectrum

was obtained by co-adding 64 consecutive scans with a

resolution of 4 cm-1 within the range of 500–4000 cm-1.
1H-NMR spectra were measured on a Bruker AVANCE

400 MHz spectrometer with CDCl3 as a solvent.

Lap shear strength

The adhesive behaviour of DGEBA and DGEBA/TEIA

blends was determined by lap shear strength, joint test

(LSS) using aluminium substrates according to ASTM-D

1002. The adhesion test specimen size is 25.4 mm (the

width of the aluminium) 9 12.7 mm (length of aluminium

overlap) shown in Fig. 3 and cleaned using acetone prior to

use. The two aluminium specimens were attached by

DGEBA and DGEBA/TEIA blend systems and cured at

160 �C for 2 h, in an oven. The adhesive thickness was

controlled at about 0.29 mm by film applicator. The bon-

ded test specimens were pulled apart at the room temper-

ature with a cross-head speed of 1.27 mm min-1 on an

Instron 3382, UK Universal Testing Machine. The total six

specimen replicates were tested, and the average value has

been reported.

Non-isothermal curing kinetics

The DSC measurement was taken on a (Q20, M/s TA

Instrument, USA) to investigate the non-isothermal curing

behaviour of DGEBA and its blends. The 5–8 mg samples

were placed into the aluminium pan from 30 to 250 �C

temperatures range at a various heating rate of 5, 10 and

15 �C min-1 under a constant flow of nitrogen of

50 mL min-1.

Theory of curing kinetics

The curing kinetics of DGEBA epoxy resin and their

blends were measured from DSC analysis assuming that

the degree of consumption of the reactive groups is pro-

portional to the amount of heat evolved. The degree of

conversion (a) of the curing reaction and the reaction rate

as a function of time (t) can be measured by using Eqs. (1)

and (2) [34].

a ¼ DHt

DHtotal

ð1Þ

da
dt

¼ 1

DHtotal

� �
� dH tð Þ

dt

� �
ð2Þ

where a is degree of conversion, DHt is the enthalpy of the

reaction in certain temperature and time t. DHtotal is the

total enthalpy of the reaction completely cured sample. The

da/dt and dH(t)/dt represent the rate of curing reaction and

heat flow rate, respectively. The enthalpy of the curing

reaction DGEBA epoxy resin and DGEBA/30%TEIA

blend system up to the time (t) can be determined by

integration of the heat flow and over the time (t) of the

exothermic peak.

The kinetic analysis of non-isothermal curing process

was employed by using two kinetic methods, the Kissinger

and Flynn–Wall–Ozawa as expressed in Eqs. (3) and (4)

[35].

Kissinger method:

� ln
b
T2
p

 !
¼ Ea

RTp
� ln

AR

Ea

� �
ð3Þ

where Tp represents the maximum peak temperature, b is

the heating rates, Ea is the activation energy of the system.

R is the gas constant (8.314 J mol-1 K-1), and A is the

exponential factor. The activation energy of the DGEBA

and DGEBA/30%TEIA is calculated from the plot of

ln(b/Tp
2) versus 1/Tp, with the correlation of experimental

data depicted in Fig. 8a and the activation energy data is

shown in Table 2 [36].

Fig. 3 Adhesion test specimen

for lap shear strength test (LSS)
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Flynn–Wall–Ozawa method (FWO):

ln b ¼ Constant� 1:502
Ea

RTa
ð4Þ

All other parameters are described earlier. Ea of each

individual degree of cure was measured by the plot of ln(b)
versus 1000/Tp.

Results and discussion

FT-IR analysis

FT-IR spectra of itaconic acid (IA), modified itaconic acid

(MIA) and bio-based (TEIA) are depicted in Fig. 4a–c,

respectively. In Fig. 4a, the observed broadband peak at

3500 cm-1 is attributed to the O–H stretching vibration of

carboxylic acid and peak at 2916 cm-1 corresponds to

–CH2 [37]. The characteristic peaks that appeared at

1705 cm-1 and 1623 cm-1 are associated with the C=O

stretching and C=C stretching of unsaturated carboxylic

acid, respectively [38].

The appeared peak at 3083 cm-1 and 2944 cm-1 for

MIA shown in Fig. 4b can be ascribed to =CH and –CH

stretching. The intense peak at 1727 cm-1 is attributed to

C=O stretching of ester in MIA. The O–C–C stretching

vibration of ester group appeared at 1168 cm-1. After

modification, the carboxylic group converts into ester

group and the two peaks at 1447 cm-1 and 1375 cm-1

correspond to the –CH2, and –CH bending modes. The

characteristic absorption peaks of the C=CH2 stretching

from the allyl group appeared at 1647 cm21, and bending

vibration of C–H out of plane was observed at

986–920 cm21 and 815 cm21 assigned to the allyl group.

The characteristic peak of at 906 cm-1 is attributed to the

stretching vibration of the oxirane group in TEIA bioresin

[39].

1H NMR analysis

1H NMR spectra of MIA Fig. 5a demonstrate the distin-

guished peaks of protons P1, P2, P13, P14 and the tertiary

protons P3, P12 on the C=C bond of CH2=CH–CH2–

backbone at 5.1–5.24 and 5.75–5.84 ppm, respectively

[33, 40]. The peak of the P8, P9 of –CH2=C appeared at 5.6

and 6.3 ppm, respectively. The peak 4.5–4.6 ppm repre-

sents the characteristic peak of the protons P4, P5, P10, P11

on the CH2–O–(CO)–backbone, whereas the peaks of the

protons P6, P7 on C-atom between CH2–O–(CO)– and

ester appeared at 3.4 ppm.

In the case of 1H NMR spectra of TEIA bioresin

depicted in Fig. 4b, all the protons above 5 ppm disap-

peared. The characteristic peak of proton P1, P2, P3, P12,

P13, P14 on glycidyl epoxides CH2–(O)–CH–, P8, P9 on

pendent epoxide CH2–(O)–C–, proton P6, P7 on the

C-atom present between the ester bond –CH2–COO– and

pendent epoxide were observed at 2.68–3.45 ppm. The

– 1/

–

–

– –

C–O C–O–C

(c)

(b)

(a)

Fig. 4 FT-IR spectra of a IA, b MIA, and c TEIA bioresin
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peaks of other protons P4, P5, P10, P11 on the C-atom next

to the glycidyl epoxide appeared at 3.92–.52 ppm [40].

Adhesive properties of DGEBA and its blend

DGEBA epoxy resins are extensively used as adhesives

because of their excellent properties. Therefore, it was

required to investigate the adhesive properties of the

DGEBA and DGEBA/TEIA blend system. As an efficient

demonstration, the adhesion strength of the DGEBA and its

bio-based blend systems for aluminium were studied in this

work. As depicted in Fig. 6, the adhesion strength of

DGEBA epoxy resin to aluminium was about 4.3 MPa,

much lower than that of DGEBA/TEIA blends. The

adhesive strength of the DGEBA epoxy system was cor-

related with the brittle nature reported by Ma et al. [40] and

Okamatsu et al. [41]. The increased brittleness of the

DGEBA system lowers the adhesion strength. After the

incorporation of TEIA, its adhesion strength to aluminium

was increased up 30 mass%, reduced the brittle nature of

DGEBA and absorbed the sufficient amount of energy.

However, the adhesive strength decreased with

40 mass% TEIA content in the system because of the

plasticization effect of a pendant epoxide group of TEIA

which enhanced the flexibility and freedom for the move-

ments of the molecules in the DGEBA/40%TEIA blend

system, mostly owing to low cross-linking density and

plasticizing effect of TEIA. This effect can be attributed to

the lower reactivity of epoxy group in TEIA compared to

the DGEBA epoxy resin. On the other hand, the amount of

TEIA reacted with DGEBA epoxy resin and remained un-

reacted parts in the continuous phase, which in reduces in

the adhesive strength of DGEBA/40%TEIA blend system.

Study of curing behaviour of DGEBA epoxy resin
and their bio-based blend systems

Non-isothermal curing kinetics of DGEBA and DGEBA/

30%TEIA blends was carried out with MHHPA as curing

agent catalyzed by 2-MI at 5,10, 15 �C min-1 heating rate

and are shown in Fig. 7. The total heat of reaction, DHcure,

onset cure temperature (Tonset) of all the systems are

summarized in Table 1. As anhydride is a high-temperature

curing agent, therefore imidazole-type catalysts are fre-

quently used to reduce the curing temperature of the

reaction earlier finding [42]. Figure 7 demonstrated a sin-

gle exothermic peak that corresponds to the ring opening

reaction of the oxirane group of DGEBA epoxy resin with

MHHPA group. Table 1 that indicates the DGEBA systems

demonstrated lower Tonset temperature at a lower heating

rate and higher heat of reaction compared the its blend

system which is mainly due to the lower cross-linking.

In case of DGEBA/30%TEIA blend system exhibit

higher Tonset and heat of reaction at 10, 15 �C heating rate

were observed as compared to the DGEBA epoxy resin

formulation. This is mainly ascribed to the less reactive

internal pendent epoxy groups of TEIA. However, the

Tonset enhanced from 81 to 84 �C and demonstrate that the

rigid aromatic group of the DGEBA epoxy resin replaced

to the flexible aliphatic molecules of the TEIA bioresin.

Table 1 also reveals that the heat of reaction obtained

for the DGEBA, at 10, 15 �C heating rates is higher as

compared to the DGEBA/30%TEIA system. This is

demonstrating that the mixture of the DGEBA/30%TEIA

blend system required extra heat of the curing process.

The curing kinetics parameters of DGEBA epoxy resin

and DGEBA/30%TEIA systems were explored by non-

isothermal DSC analysis at different heating rates: 5, 10,

15 �C min-1 depicted in Table 2. All the systems exhibited

only single exothermic peak throughout the entire experi-

ment. Figure 7 and Table 2 indicated that the peak tem-

perature (Tp) of DGEBA and its blend systems shifted to

the higher-temperature region with the increase in heating

rate. This is attributed to the higher heating rate which does

not allow enough time for the reactive groups to react in

the curing process [43, 44].

The Tp of DGEBA (125.71 �C) was slightly lower than

that of DGEBA/30%TEIA blend system (130.98 �C) at a
heating rate 5 �C min-1, which indicates that the reactivity

of the DGEBA epoxy resin is slightly decreased with

addition of 30 mass% TEIA due to the pendent epoxide

group and steric hindrance induced by intermolecular

interaction in the DGEBA/30%TEIA blend system [7].
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Fig. 6 Adhesive properties of DGEBA and DGEBA/TEIA blends

system
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Fig. 7 DSC curves of DGEBA and DGEBA/30%TEIA cured system at various heating rate 5, 10, 15 �C min-1

Table 1 Curing parameter of

DGEBA and DGEBA/

30%TEIA blends

Sample Heating rate (b)/�C min-1 Tonset
a /�C DHcure

b /J g-1

DGEBA 5 70 278

10 72 283

15 80 257

DGEBA/30%TEIA 5 81 198

10 83 239

15 84 212

aInitial curing temperature
bCuring enthalpy per gram at heating rate of 5, 10, 15 �C min-1

Table 2 Curing kinetic data of

DGEBA and their bio-based

blend system

Sample Heating rate (b)/�C min-1 Activation energy (Ea)/kJ mol-1

5 Tp 10 Tp 15 Tp Kissinger (Ea) Ozawa (Ea)

DGEBA 125.71 142.50 148.53 58.16 64.93

DGEBA/30%TEIA 130.98 144.51 153.89 62.15 69.05

Tp Peak temperature, Ea Activation energy

0.002331 0.002394 0.002457 0.002520 2.36 2.40 2.44 2.48 2.52
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Fig. 8 Plots to determine the activation energy of DGEBA and its bio-based blend system from a Kissinger and b FWO methods
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Calculation of activation energy (Ea)

The Ea of the 2-MI catalyzed DGEBA epoxy resin, and

DGEBA/30%TEIA blend systems was obtained from the

slope plotting ln(b/Tp
2) versus (1/Tp) and ln(b) versus 1000/

Tp by employing Kissinger and FWO method, Eqs. (3) and

(4), respectively. The Ea of all the systems are shown in

Fig. 8, and the data are summarized in Table 2.

Addition of TEIA bioresin into the DGEBA matrix

enhanced the activation energy (Ea) due to the presence of

an internal pendent epoxide group of blend system and

increased number of oxirane groups. The Ea of the

DGEBA/30%TEIA system was higher than DGEBA epoxy

resin owing to the existence of a pendent epoxide group of

the TEIA bioresin and decreased reactivity of the curing

system in the curing time.

The higher Ea indicates the lower reactivity of the sys-

tems. The reactivity of the cured DGEBA system is slightly

lower compared to cured DGEBA/30%TEIA blend system,

due to the higher reactivity of the epoxide group in the

chain ends. FWO method demonstrates the higher activa-

tion energy of all the systems than Kissinger method. A

similar result was also been reported by earlier studies

[45, 46]. The results indicate that the curing behaviour of

the bio-based system is in good agreement with Kissinger

method. Conversely, FWO method required more energy to

achieve the complete curing shown in Fig. 8.

Further, the activation energy (Ea) at various degrees of

conversions (a) was obtained from the slope of the linear

plots of ln(b/Tp
2) versus (1/Tp). The variation of the Ea at

different relative a values of DGEBA epoxy resin and

DGEBA/30%TEIA blend system by using Eqs. (1) and (3)

is shown in Fig. 9. The activation energy of DGEBA epoxy

resin at every temperature was much lower than DGEBA/

30%TEIA blend system owing to the more reactive epox-

ide groups present in the DGEBA epoxy resin.

In the case of DGEBA system, the activation energy of

unmodified DGEBA epoxy resin steadily increased up to

a = 0.1–0.7 and then declined at the conversion range

0.8–0.9. This can be explained via the 2-methylimidazole

addition to the DGEBA system as a catalyst reacting with

the epoxy group to form alkoxide and additionally reacting

with the anhydride group to form a carboxylate anion. This

carboxylate anion participated in the curing reaction, and

as a result, it reduced the activation energy of reaction [47].

The DGEBA/30%TEIA blend system demonstrates

slightly higher activation energy (Ea) than DGEBA epoxy

resin at every conversion. In the initial stage of curing, the

Ea was lower in both TEIA and DGEBA epoxy resins. This

is ascribed to the reduced viscosity in the blend system and
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allowed better compatibility of the resin and anhydride

curing agent loading to improved diffusion of curing agent

into less viscous resin blend system and increase the rate of

curing reaction as earlier reported by Sbirrazzuoli, et al.

[48]. The Ea at the lower temperature was less due to the

faster reaction of DGEBA anhydride curing agent reaction.

But at the end of the curing process of blend, the cross-

linked density becomes higher and the movement of the

chain segment restricted by the gelation which makes the

reactive sites more difficult to react [45].

In the next step, Kissinger plots were plotted by using ln

(b/Tp
2) versus 100/Tp in the conversion range 0.1–0.9 with a

step of 0.1. Figure 10 demonstrates the change in

activation energy of DGEBA epoxy resin and DGEBA/

30%TEIA systems with a degree of curing (a) from the

Kissinger plots.

The curing reaction mechanism of DGEBA and its blend

with the MHHPA curing agent in the presence of a 2-MI

catalyst depicted in two steps such as initiation and prop-

agation are shown in Scheme 1. The use of 2-MI catalyst

reduced the Ea and enhanced the propagation rate. In the

initiation step of curing, the ring opening of the anhydride-

curing agent (MHHPA) via the 2-MI catalyst involves in

the SN2 reaction to form zwitterions. Additionally, the

zwitterions react with an oxirane group in the DGEBA

ring, formed an ester linkage and produced alkoxide anion

Scheme 1 Curing scheme of

DGEBA/TEIA blend system

cured with anhydride in the

presence of 2-MI catalyst

Curing kinetics of bio-based epoxy resin-toughened DGEBA epoxy resin blend 1575

123



species. In the second steps, alkoxide anion reacts with

another molecule of the MHHPA curing agent resulting in

a carboxylate anion [49–51].

This reaction continued until all the anhydrides were

exhausted. Finally, the carboxylate anions react with the

DGEBA epoxy resin and an epoxy monomer to generate

the reaction intermediate product; and after curing, the

polyesterification in the DGEBA/MHHPA, DGEBA/

30%TEIA/MHHPA mixture is completed and forms a

polyester-type linkage Tan et al. [52, 53] and Tao et al. [42]

also reported similar results.

The activation energy ranged from a = 0.7–0.8 almost

constantly. Figure 9 shows that activation energy at higher

conversions (0.9) slightly increased due to higher cross-

linked density at the end of the curing reaction, and gela-

tion restricts the mobility of chains which makes the

reactive species more difficult to react. The DGEBA/

30%TEIA blend required more energy for the reaction.

Conversion and reaction kinetics

The degree of conversion (a) versus temperature curves of

DGEBA epoxy resin and DGEBA/30%TEIA systems at

various heating rates is depicted in Fig. 11a, b. The a
values were obtained by the integration of the exothermic

peak corresponding to Eq. (2). The degree of reaction was

normalized within (0 and 1) using the total reaction heat of

DGEBA and DGEBA/30%TEIA blend systems at same

heating rates. The result shows that the curing behaviour,

the degree of conversion of DGEBA epoxy and DGEBA/

30%TEIA blends occur at lower temperatures [53].

The maximum conversion (ap) of the DGEBA epoxy

and DGEBA/30%TEIA blends curing at DSC peak is

shown in Fig. 12. The aM values are independent of the

heating rate of this reaction. The a1P 6¼ 0:632 characteristic

values are used for determining the kinetic model.
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Conclusions

In this study, trifunctional bio-based TEIA resin was suc-

cessfully synthesized from the itaconic acid and a blend

with DGEBA epoxy resin. The adhesive properties of the

DGEBA/TEIA blends system were enhanced with the

addition of TEIA bioresin up to 30 mass%. Non-isothermal

DSC measurement was employed to determine the curing

behaviour of the DGEBA epoxy resin and their bio-based

blend systems. By the addition of the 30 mass% TEIA

bioresin, the heat of reaction was slightly decreased due to

the pendent epoxide group of the TEIA bioresin. The

activation energy (Ea) determined by using Kissinger

equation was found to be lower than the Ea determined

from FWO equation. This result indicated that the Kis-

singer equation is well fitted for the DGEBA/TEIA blend

systems.
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