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Abstract

In this paper, the non-isothermal differential scanning calorimetry (DSC) was employed to investigate the cure process and to determine the
kinetic parameters of the curing reactions of mono- and di-epoxides with maleic and glutaric anhydrides. The epoxides were obtained during the
epoxidation process of commercially available divinylbenzene by using 60% hydrogen peroxide as the oxidant in the presence of organic sol-
vents and magnesium oxide as the catalyst. It was found that the cure process of epoxides with maleic anhydride was described through higher
values of enthalpy of polymerization (DHR) and lower temperatures of the cure initiation (Tonset), the peak maximum temperature (Tmax) and the
final cure temperature (Tend). It can be considered to accelerate the rate of reaction and lead to an excellent network structure when maleic an-
hydride was used as curing agent. The kinetic analysis was firstly computed using a model free-estimation of the activation energy (Friedman,
OzawaeFlynneWall methods) and then the multivariate non-linear regression with a 6th degree RungeeKutta process in a modified Marquardt
procedure was employed to calculate the corresponding kinetic parameters (Ei, ni, Ai) using the nth-order reaction f(a). The unbranched three-
step process of the nth-order reaction f(a) for each step was the best to describe the cure process of mono- and di-epoxide with acid anhydrides.
The determined values of the activation energies were in the range 64.7e105.2 kJ/mol for epoxides/glutaric anhydride system and 64.7e82.7 kJ/
mol when maleic anhydride was used as hardening agent.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The differential scanning calorimetry is one of the conven-
tional experimental techniques in the determination of the heat
of reaction, the kinetics and the mechanism of the curing
process of different compounds [1,2]. As well known, the ep-
oxides can be cured with a number of nucleophilic and electro-
philic reagents. Curing agents such as amines and anhydrides
find use in most of the important applications of epoxy com-
pounds and chemical reactions that take place during cure
to determine the morphology and properties of the cured
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materials [3]. The cross-linking reaction with di- or polycar-
boxylic acid anhydrides is based on the reaction of epoxy
groups with anhydride groups to produce ester linkages (hy-
droxyalkyl esters) via an ionic mechanism. In addition to the
ester forming reaction an ether forming reaction is also possi-
ble in this system. In the presence of catalytic activation of
carboxylic acids at higher temperatures the formation of ether
linkages (polyether linkages) is observed [4e9]. The kinetics
and mechanism of the curing process of epoxides by acid
anhydrides have been extensively investigated. The study of
the cure kinetics contributes both a better knowledge of the
process development and to improve the quality of the final
product [10]. Curing kinetics models are generally developed
by analyzing the experimental results obtained by DSC in the
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isothermal and the dynamic modes assuming a proportionality
between the heat evolved during the cure and the extent of re-
action [11]. In general, kinetics expressions include two kinds
of models: phenomenological and mechanistic. The kinetics of
the epoxy/anhydride system used to be studied through phe-
nomenological models: the nth-order reactions [12] and the
auto-catalytic model [13]. Results of the kinetic description
of the curing process for different epoxy systems showed
that the kinetics of cure may be complicated since it was
a multi-step reaction, approaching diffusion controlled region
due to vitrification. It was possible to apply the kinetic data for
controlling cure conditions, provided that a suitable model has
been chosen [14]. The kinetics of the cure reaction of epoxides
with acid anhydrides can be described using the nth-order
reaction f(a). The determined values of the reaction order
(n) were ranged from 0.2 to 2 with the values of apparent
activation energies from 56 to 159 kJ/mol [15]. The non-
isothermal curves of a thermal reaction can satisfy the kinetic
equations developed for the kinetic analysis of the nth-order
reactions, even if they follow a quite different mechanism.
Results of the comparative studies lead to the conclusion
that the actual mechanism of a thermal process cannot be dis-
criminated from the kinetic analysis of a single DSC trace
[16]. Strey et al. [17] have investigated the course of epoxy
cure reaction with phthalate anhydride at different heating
rates. They have proposed the mechanism of this cure process
which was considered as a consecutive reaction (AeB; BeC,
where A, B, C represent the hydroxyl groups of the prepoly-
mers (A), the carboxyl groups of the intermediate compounds
(B) and the bond between the prepolymers (C) when the
concentration of the curing agent was nearly constant during
the process.

In the present study, the non-isothermal differential scan-
ning calorimetry was employed to investigate the cure process
and to determine the kinetic parameters of the cross-linking re-
actions of obtained mono- and di-epoxides from commercial
grade divinylbenzene. Firstly, the enthalpy of polymerization
(DHR), temperatures of the cure initiation (Tonset), the peak
maximum temperature (Tmax) and the final cure temperature
(Tend) of the curing reaction with acid anhydrides were deter-
mined. The kinetic analysis was firstly computed using a model
free-estimation of activation energy (Friedman, Ozawae
FlynneWall methods) and then the multivariate non-linear re-
gression with a 6th degree RungeeKutta process in a modified
Marquardt procedure was employed to calculate the corre-
sponding kinetic parameters (Ei, ni, Ai) using the nth-order
reaction f(a).

2. Experimental

2.1. Materials

Commercial grade divinylbenzene (65 wt.% DVB), 35 wt.%
ethylvinylbenzene (EVB) stabilized with 4-tert-butylpyrocate-
chol, methanol (99.8 wt.%) and acetonitrile (99.9 wt.%) were
obtained from Merck. Aqueous hydrogen peroxide (60 wt.%)
was bought from the ‘‘Azoty’’ Nitrogen Plant (Pu1awy, Poland).
Magnesium oxide (MgO) was from POCh (Gliwice, Poland)
and was used as an active catalyst. Glutaric anhydride and
maleic anhydride were from Aldrich Chemical Company. All
chemicals were used without further purification.

2.2. Preparation of epoxides

The epoxidation process [18,19] has been carried out at
50 �C. Magnesium oxide was used as the catalyst in the
presence of water adjusted to pH 10 with sodium hydroxide.
Commercial grade divinylbenzene (0.192 mol), acetonitrile
(1.46 mol), distilled water (50 ml) and magnesium oxide
(1.25 g) were charged into the reactor containing condenser,
thermometer and stirrer. The reactor was allowed to attain
the reaction temperature in a thermostat bath and the mixture
of 60% hydrogen peroxide (1.77 mol) and methanol
(1.90 mol) was slowly dropped at the reaction temperature
while stirring over a period of 2 h. With the 60% hydrogen
peroxide the reaction was almost immediately exothermic.
The reaction mixture was stirred for a predetermined time
(5 h). After completion the liquid product was cooled down
to room temperature and the catalyst was separated by filtra-
tion. The raw product was washed several times with distilled
water. The epoxides were separated from the solvents and
by-products by extraction with diethyl ether and dried.

2.3. Technique

All the liquid organic products were identified by GCeMS
analysis (GCQ, Thermo-Finnigan, USA). The samples were
dissolved in dichloromethane and analyzed using a gas
chromatograph with capillary column (Restec RTX-5,
18 m� 18 mm� 0.2 mm; injector PTV 35e300 �C at
10 �C/s) and FID detector at the temperature program
35 �C -1 min/10 �C/min to 300 �C and were analyzed by
mass spectrometer with EI¼ 70 eV and temperature ion
volume 220 �C.

The calorimetric measurements were carried out in the
Netzsch DSC 204 calorimeter (Günzbung, Germany) operat-
ing in a dynamic mode. The non-isothermal scans were per-
formed at different heating rates b¼ 2, 5, 10, and 20 K/min
from room temperature to a maximum of 300 �C under nitro-
gen atmosphere (30 ml/min) in order to cure the epoxides and
to provide the data for kinetic analysis. The curing process of
the obtained epoxides is accomplished using maleic anhydride
and glutaric anhydride as curing agents with stoichiometric ra-
tios of anhydrides r¼ 0.85, where r is defined as anhydride
groups/epoxy groups. Samples of approximately 10 mg were
used in sealed aluminium pans for all experiments. The DSC
was previously calibrated using an indium standard. As a refer-
ence an empty aluminium crucible was used. All dynamic
scans were converted into ASCII files and the kinetic analysis
was performed using the Software a Netzsch Thermokinetics
Program (Netzsch Gerätebau GmbH, Germany) in the calcula-
tion procedure.
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3. Results and discussion

3.1. Characterization of epoxides

The characterization of the products (the structure and
molecular weight of obtained epoxides) was confirmed by
GCeMS analysis. It was found that the epoxidation process
of commercial grade divinylbenzene allows to obtain the mix-
ture of epoxides: 45.2% of bis(epoxyethylbenzene), 8.4% of
epoxyethylstyrene and 46.4% of 2-ethylphenyloxirane [19].

3.2. Dynamic curing DSC

The obtained mixture of epoxides was cross-linked with
glutaric anhydride and maleic anhydride as the hardening
agents. The cure behaviours were evaluated using DSC. An
exothermic peak is characteristic of the curing reaction. This
peak is usually attributed to the epoxy/anhydride copolymeri-
zation. The reaction of epoxides with glutaric anhydride (1)
and maleic anhydride (2) is given in Scheme 1.

The curing characteristics, such as the temperature of the
cure initiation (Tonset), the peak maximum temperature
(Tmax), the final cure temperature (Tend) and the total heat of
the cross-linking reaction (the enthalpy of polymerization
process) (DHR) obtained as the area [2]:

Ztc

0

ðdH=dtÞTdt;

where tc is the curing time and (dH/dt)T is the calorimetric
signal during the experimental DSC run. In Tables 1 and 2
were summarized the DSC data of the curing reaction of
obtained epoxides using acid anhydrides. Several interesting
dependences have been found in the data presented below.
Temperature at which the reaction begins, Tmax and tempera-
ture at which the completion of the cure reaction occurs in-
crease with the heating rate b. As it is seen, the maximum
of the exotherm peak (Tmax) and temperatures at which the re-
action of the curing process begins and finishes change in de-
pendence of the used hardening agent, too. The maximum
peak temperatures are significantly higher for epoxides cured
with glutaric anhydride than that for maleic anhydride. The
peak maximum temperature for the epoxides/glutaric
anhydride system raises from 145.2 �C to 201.0 �C and from
119.5 �C to 167.9 �C for epoxides/maleic anhydride system.
Additionally the onset temperature was lower for epoxides/
maleic anhydride system in comparison with epoxides/glutaric
anhydride system. It is clear that the cure reaction of epoxides/
glutaric anhydride system is carried out at relatively high tem-
perature, as reflected in a shift in the exothermic peak from
higher and broader temperature range. Use of maleic anhy-
dride as hardening agent should be considered to accelerate
the rate of reaction, thus contributing to a decrease in the cur-
ing temperature. The sample with maleic anhydride was cross-
linked after two days at room temperature. The cross-linking
reaction of epoxides/glutaric anhydride has taken more than
a week at room temperature. It can be seen that the heat gen-
erated during the curing reaction (DHR) increases with in-
creasing b. The differences in enthalpies of polymerization
have to be attributed to the type of acid anhydrides used.
The curing of glutaric anhydride is less exothermic with
447.6 J/g indicating a low conversion for this anhydride.
This low heat of reaction is associated with the highest value
of the temperature of the exothermic peak maximum (Table 1)
indicating a low reactivity probably due to chemical nature of
the anhydride. This probably reduces the molecular motions
during cure and consequently involves an important amount
of non-reacted anhydride in the network [20]. In contrast,
the cure reaction of epoxides with maleic anhydride is initiated
at relatively low temperature and DHR is higher (5168 J/g)
than those obtained for epoxides/glutaric anhydride system.
Thus, it is expected that this hardening agent can lead to an
excellent network structure [21]. This could be attributed to
the higher cross-linking density of the cured samples [19].
These results can be explained by the cure mechanism be-
tween the epoxides and maleic anhydride. As can be seen
from Scheme 1, the curing reaction of the epoxides with
acid anhydrides comprises formation of the ester linkages

Table 1

DSC data of the curing reaction of the obtained epoxides using glutaric

anhydride as the curing agent at different heating rates (b)

b (K/min) Tonset (�C) Tmax (�C) Tend (�C) DHR (J/g)

2 44.1 145.3 214.2 457.9

5 53.9 167.3 228.3 473.6

10 88.3 183.7 258.5 483.0

20 91.2 201.0 281.1 496.2
Scheme 1. The reaction of the obtained epoxides with glutaric anhydride (1) and maleic anhydride (2).
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via an ionic mechanism. Additionally, at higher temperatures,
the ether forming reaction is also possible between epoxy
groups with secondary hydroxyl groups obtained at first step
[9,22e24]. The use of the unsaturated acid anhydride (maleic
anhydride) can involve the additional copolymerization reac-
tion of the double bonds and the total heat of reaction
increases considerably.

3.3. Kinetic equations and analysis

In general, a kinetic model relates the rate of reaction da/dt
to some function of a and T. It is commonly accepted in the
kinetic analysis of the chemical reactions by thermal analysis
that any chemical process of reaction will obey a rate law of
the form [25,26]:

da=dt ¼ kðTÞf ðaÞ

where the dependence upon a from the dependence upon T has
been separated. Here, t is the time, f(a) is a function of the
dependence of conversion (the mathematical expression of the
kinetic model) and k(T ) is the chemical rate constant which is
given by an Arrhenius type equation dependence on the tem-
perature k¼ A exp(�E/RT ), where A is the frequency factor,
E is the activation energy of the reaction, T is temperature
in Kelvin and R is the universal gas constant. Using a multiple
linear regression, it is possible to determine the kinetic param-
eters from the DSC exothermal peak obtained from the non-
isothermal measurements. In the non-isothermal process the
temperature usually increases according to a constant heating
b¼ dT/dt (T¼ T0 þ bt) [2,27].

In this study the values of apparent activation energy (E )
and log A were firstly determined using a model free-estimation
of the activation energy (Friedman, OzawaeFlynneWall
methods). These isoconversional methods allow to estimate
the activation energy without the need to define a specific
model for the reaction run. Friedman proposed the application
of the logarithm of the conversion rate da/dt (with at given) as
a function of reciprocal temperature:

da=dt ¼ A expð �E=RTÞf ðaÞ

lnðda=dtÞ ¼ ln f ðaÞ þ ln A� ðE=RTÞ

As f(a) is a constant for given at the plot of dependence ln(da/
dt)¼ f(1/T ) results in a straight line with the slope m¼�E/R.
From the slope and the intercept of the straight line the value
of the activation energy (E ) and the logarithm of the pre-
exponential factor (log A) can be obtained assuming a first

Table 2

DSC data of the curing reaction of the obtained epoxides using maleic

anhydride as the curing agent at different heating rates (b)

b (K/min) Tonset (�C) Tmax (�C) Tend (�C) DHR (J/g)

2 32.4 119.5 177.8 4982

5 46.5 138.9 190.5 5031

10 63.8 142.8 218.3 5226

20 74.1 167.9 233.7 5433
order reaction. The pre-exponential factor is calculated as an
average value over all dynamic heating rates b [28,29]. Another
isoconversional procedure, introduced by OzawaeFlynne
Wall, allows to determine the activation energy E (kJ/mol)
and the pre-exponential factor A for the nth-order reaction
f(a). It is based on the variation of the peak exotherm temper-
ature with the heating rate and the extent of reaction at the peak
a is constant and independent of the heating rate. In the Ozawa
calculation procedure, the following equation is derived:

ln b¼ const� 1:052E=RT

It can be seen from this equation that for a series of measure-
ments at the heating rates b for a fixed degree of conversion a,
the plot of ln b¼ f(1/T ) results in straight lines with a slope
m¼�1.052E/R, where T represents the temperatures at which
the conversion a is reached at the heating rate b. The slope of
the straight lines is directly proportional to the activation en-
ergy. A change in E with an increasing degree of conversion
indicates a complex reaction run, so that, in fact, the separa-
tion of variables as in OFW analysis is not allowed. These dis-
crepancies are especially serious if the overall reaction is made
up of competitive reactions [30,31].

Then the multivariate non-linear regression with a 6th
degree RungeeKutta process in a modified Marquardt proce-
dure was employed to calculate the corresponding kinetic
parameters (Ei, ni, Ai) considering firstly the single reactive
process and using the nth-order reaction f(a). Secondly a com-
plex kinetic model considering two- or three-step unbranched
reaction process was assumed using the nth-order reaction f(a)
in a calculation procedure. The expression of f(a) used in this
study is given below:

f ðaiÞ ¼ ð1� aiÞn

where n is the order of the reaction [32]. Therefore, the exper-
imental data will be fitting according to the next expression
where each reaction is characterized as:

dai=dt ¼ kiðTÞð1� aiÞn; i¼ 1;2;3

kiðTÞ ¼ Ai expð �Ei=RTÞ

The obtained average values of the activation energy (E )
and the pre-exponential factor (A) for epoxides cross-linked
with glutaric and maleic anhydrides computed using isocon-
versional methods are shown in Table 3. It can be seen that
the values obtained by these methods for epoxides cured
with glutaric anhydride are slightly higher than those for

Table 3

The activation energy and the pre-exponential factor (A) characteristic of the

cured epoxides computed using acid anhydrides applying different kinetic

methods

Method Glutaric anhydride Maleic anhydride

E (kJ/mol) log A (s�1) E (kJ/mol) log A (s�1)

ASTM E698 71.53� 3.36 6.13 68.39� 2.73 6.29

Friedman 74.03� 2.83 6.35 71.23� 1.22 6.65

OzawaeFlynneWall 73.57� 1.76 6.36 65.82� 1.64 6.51
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epoxides cross-linked with maleic anhydride. The use of
maleic anhydride as the hardener should be considered to ac-
celerate the rate of the reaction, thus contributing to a decrease
in the curing temperature and apparent activation energy.
Friedman analysis yields information concerning the change-
ability of E vs. a. As follows from Figs. 1 and 2 the activation
energy for epoxide/glutaric anhydride changes with the degree
of conversion a. The maxima of E are observed at a¼ 0.5 and
0.7. The presence of maleic anhydride as the hardening agent
causes a decrease and relatively stable E and A vs. degree of
the conversion profile above a> 0.2 and leaving aside a¼ 0.6,
where the minimum of E and A was observed (Fig. 3). This
leads to conclusion that the changeability of the activation en-
ergy with the degree of conversion can be indication of the
presence of a complex reaction path (reaction with at least
two steps). To test this supposition the one single process
using the nth-order reaction f(a) was firstly considered. In
the examined range of b 2e20 K/min the received values of

Fig. 1. Friedman analysis of the cure process using glutaric anhydride as a

curing agent.

Fig. 2. The activation energy and the pre-exponential factor as a function

of degree of the conversion for the cure process of epoxides and glutaric

anhydride calculated by Friedman method.
activation energy, the log A and the reaction order (n) were
79.2 kJ/mol, 6.87 and 1.28, respectively, with the coefficient
of correlation (r) 0.991 for epoxides/glutaric anhydride
system. In the case of epoxides/maleic anhydride system the
values of kinetic parameters were E¼ 74.8 kJ/mol, log A¼
7.17 and n¼ 1.22 with r¼ 0.993. As can be seen, the calcu-
lated apparent activation energy for epoxides/glutaric anhy-
dride system was slowly higher than those obtained when
maleic anhydride was used. Additionally, the calculated curves
do not fit well with the experimental data (low coefficients of
correlation r) so that the one-step model of these reactions
does not lead to a satisfactory result and is unable to achieve
a good description of the curing reaction of obtained epoxides
with acid anhydrides. For further analysis a complex kinetic
model has to be applied to describe the course of this reaction.
The unbranched reaction process considering two- or three-
step reactions of the nth order was found to be the best fit
(based on the F-test) with the coefficient of correlation
r> 0.997 between the simulated curves and the measured
data. In the examined range of b the received values of appar-
ent activation energies by considering two-step reaction of the
nth order (FnFn) and three-step reaction of the nth order
(FnFnFn) are in the range reported by other authors for ep-
oxy/anhydride reactions (Tables 4 and 5) [33]. It was observed

Fig. 3. The activation energy and the pre-exponential factor as a function of

degree of the conversion for the cure process of epoxides and maleic anhydride

calculated by Friedman method.

Table 4

The kinetic parameters of the experimental data obtained using two-step

reaction of the nth order (FnFn)

Parameter Hardening agent

Glutaric anhydride Maleic anhydride

E1 (kJ/mol) 61.9 59.9

E2 (kJ/mol) 96.5 89.6

log A1 (s�1) 5.15 5.75

log A2 (s�1) 9.19 9.16

Reaction order 1 (n1) 1.27 1.07

Reaction order 2 (n2) 0.75 1.35

Coefficient of correlation (r) 0.9970 0.9972
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that the kinetic parameters changed with used curing agent.
The system cured with maleic anhydride exhibits lower values
of the activation energies than those cross-linked with glutaric
anhydride. For the three-step reaction process the activation
energies and the reaction orders were E1¼ 64.5 kJ/mol,
n1¼ 1.63, E2¼ 82.7 kJ/mol, n2¼ 1.02 and E3¼ 75.4,
n3¼ 0.95 when maleic anhydride was used. On the other
hand, the values of activation energies for epoxides/glutaric
anhydride system were in the range 64.7e105.2 kJ/mol. The
successful evaluation (Figs. 4 and 5) indicates sufficient appli-
cability of the used kinetic models for the description of the
curing reaction of the obtained epoxides with acid anhydrides.
The mechanism of the curing reaction of epoxy compounds
with acid anhydrides can be explained as a consecutive pro-
cess. At first stage, the rate of reaction between the epoxy
and the hardener reactive groups is chemically controlled
with an initial acceleration due to the presence of compounds
with hydroxyl groups, there is no steric hindrance in the sur-
rounding area. The uncatalysed cure can occur through reac-
tions involving monoester, diester and ether linkages
forming the real polyepoxide. Then as cure proceeds, the in-
creasing size and complexity of the epoxy oligomers restrict

Table 5

The kinetic parameters of the experimental data obtained using three-step

reaction of the nth order (FnFnFn)

Parameter Hardening agent

Glutaric anhydride Maleic anhydride

E1 (kJ/mol) 64.7 64.5

E2 (kJ/mol) 105.2 82.7

E3 (kJ/mol) 78.6 75.4

log A1 (s�1) 5.40 6.66

log A2 (s�1) 10.0 7.74

log A3 (s�1) 7.62 7.42

Reaction order 1 (n1) 1.55 1.63

Reaction order 2 (n2) 1.68 1.02

Reaction order 3 (n3) 1.85 0.95

Coefficient of correlation (r) 0.9994 0.9980

Fig. 4. Experimental DSC curves (full line) and calculated DSC curves

(symbols) for the epoxides/glutaric anhydride system considering three-step

reaction of the nth order at different heating rates.
diffusion because the mobility of the reacting groups reduces
and the curing process becomes very slow due to vitrification.
It seriously affects this process and causes any difficulties in
mass transport (diffusion) [33e38].

4. Conclusions

The curing process of epoxides obtained during epoxida-
tion of commercially available divinylbenzene by using 60%
hydrogen peroxide in the presence of organic solvents and
magnesium oxide was examined by DSC. It was found that
the cure process of epoxides with maleic anhydride was
generally described through higher values of the enthalpy of
polymerization (DHR) and lower temperatures of the cure
initiation, peak maximum temperature and final cure tempera-
ture. This could be attributed to the higher cross-linking den-
sity of the epoxides/maleic anhydride system and can lead to
better properties of obtained networks due to esterification,
etherification and additional copolymerization of the double
bonds. The kinetic analysis of the cure process of the obtained
epoxides with acid anhydrides was firstly performed using iso-
conversional methods. The activation energies depend on a in-
dicating a complex reaction path. Then an advanced non-linear
regression method by considering one, two-, or three-step un-
branched process and using the nth-order reaction f(a) had
been employed to describe the cure kinetics over the whole
range of conversion. The unbranched three-step reaction of
the nth-order reaction f(a) was found to be the best to describe
the cross-linking process of the obtained epoxides with acid
anhydrides. As was expected, the system cured with glutaric
anhydride exhibited higher activation energies (64.5e
105.2 kJ/mol) in comparison with maleic anhydride (64.5e
82.7 kJ/mol).
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[4] Hölderich W, Hesse M, Näumann F, Ange W. Chem Int Ed Engl 1988;

27:266.

[5] Lee MY, Park WH. Polym Degrad Stab 1999;65:137e42.

[6] Park WH, Lee JK, Kwon KJ. Polym J 1996;28:407.

[7] Hu YH, Chen Ch, Wang Ch. Polym Degrad Stab 2004;84:545e53.

[8] Gan LH, Ooi KS, Goh SH, Gan LM, Leong YC. Eur Polym J 1995;31:

719e24.

[9] Fisch W, Hofmann W. J Polym Sci 1954;12:497.

[10] Chen DZ, He PS, Pan LJ. Polym Test 2003;22:689e97.
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