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ABSTRACT: A novel epoxidized hemp oil (EHO)
based bioresin was synthesized by epoxidation in situ
with peroxyacetic acid. In this research the cure kinetics
of an EHO based bioresin system cured with triethylene-
tetramine (TETA) was studied by differential scanning
calorimetry using both isothermal and nonisothermal
data. The results show that the curing behavior can be
modeled with a modified Kamal autocatalytic model
that accounts for a shift to a diffusion-controlled reaction
postvitrification. The total order of the reaction was
found to decrease with an increase in temperature from
� 5.2 at 110�C to � 2.4 at 120�C. Dynamic activation
energies were determined from the Kissinger (51.8 kJ/

mol) and Ozawa-Flynn-Wall (56.3 kJ/mol) methods.
Activation energies determined from the autocatalytic
method were 139.5 kJ/mol and �80.5 kJ/mol. The
observed negative activation energy is thought to be due
to an unidentified competitive reaction that gives rise to
the appearance of k2 decreasing with increasing tempera-
ture. The agreement of fit of the model predictions with
experimental values was satisfactory for all tempera-
tures. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 122:
444–451, 2011
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INTRODUCTION

The majority of polymer resins used in civil engi-
neering applications are currently derived from non-
renewable, petro-chemical based resources. Due to
the performance limitations of thermoplastics in
structural applications, there is a sizeable need for
research and development into the synthesis and
optimization of thermosetting bioresins made from
renewable resources. The emergence of fiber rein-
forced polymer composites in civil engineering,
coupled with increasing levels of environmental
awareness, has led the Center of Excellence in Engi-
neered Fibre Composites (CEEFC) to research and
develop new bioresin systems tailored specifically
for civil engineering structural applications. Particu-
lar research focus has been placed on the develop-
ment of epoxidized vegetable oil(s) (EVO) based res-
ins. Epoxidized hemp oil (EHO) has been
synthesized at the CEEFC with results comparable
to commercial EVO, such as epoxidized linseed oil
(ELO) and epoxidized soybean oil (ESO). These EVO
resins are sustainable, inexpensive and are also eas-

ily incorporated into synthetic epoxy resins as plasti-
cizers or toughening additives. However the produc-
tion of genuine ‘‘green’’ composites requires that the
matrix be manufactured predominately from renew-
able materials such as EVO.
Numerous complex physical and chemical

changes occur during the curing cycle of a thermo-
setting resin. The physical properties and the proc-
essability of thermosetting resins are largely depend-
ent on the reaction rate and degree of cure, which in
turn are heavily dependent on the curing conditions,
specifically the time and temperature of the cure
cycle. It is therefore important to perform cure
kinetics studies to establish the optimum processing
conditions for thermosetting resins that will provide
the required structural performance for specific
applications. While extensive cure kinetic studies
have been conducted on numerous, different syn-
thetic thermoset systems,1–14 cure kinetic studies of
vegetable oil (VO) based resins, particularly EVO are
somewhat limited. Several studies have been con-
ducted by Liang and Chandrashekhara,15 Liang
et al.16 and Zhu et al.17 that involve the cure behav-
ior, cure kinetics and rheology analysis of ESO,
epoxidized methyl soyate (EMS) and epoxidized
allyl soyate (EAS). Badrinarayanan et al.18 studied
the cure kinetics of soybean oil-styrene-DVB thermo-
setting copolymers. Park et al.19 performed limited
cure characterization of ESO and epoxidized castor
oil (ECO) that involved examining the degree of
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cure as a function of temperature. A detailed investi-
gation into the thermal decomposition of epoxidized
soybean oil acrylate (ESOA) was performed by
Behera and Banthia20 using related kinetic techni-
ques. Dynamic kinetic analysis was performed on
linseed oil (LO) based thermosetting resins by
Haman et al.21 while Tellez et al.22 conducted ther-
mal analysis and rheological characterization on par-
tially-aminated ELO. Martini et al.23 conducted a
study regarding the curing of ELO methyl esters
with different dicarboxylic anhydrides. Souza et al.24

evaluated the kinetic and thermoanalytic parameters
of sunflower oils (SFO) using differential scanning
calorimetry (DSC). From the literature it can be
observed that the curing characteristics vary for dif-
ferent resin systems and subsequently a variety of
kinetic models have been implemented for each dif-
ferent resin system. Due to the gap in the literature
regarding cure kinetic studies of EHO resins and
also unblended EVO resins, the aim of this research
is to determine and model the cure behavior of an
EHO based bioresin system using cure kinetics.
Dynamic and isothermal cure kinetics using DSC,
determination of activation energies and modeling
of the cure behavior will be discussed throughout
this article.

EXPERIMENTAL

Materials

The cold pressed raw industrial hemp oil used in
this study was supplied by Ecofiber, Queensland,
Australia. Table I displays the fatty acid profile of
the raw industrial hemp oil. Triethylenetetramine
(TETA) was used as received from Huntsman.

Synthesis of epoxidized hemp oil

EHO was formed by the epoxidation of cold pressed
raw industrial hemp oil (HO) by peroxyacetic acid,
formed in situ by the reaction of hydrogen peroxide
and acetic acid in the presence of an acidic ion
exchange resin (Amberlite IR-120 hydrogen form) as
the catalyst. A solution of hemp oil (156.25 g, 1 mol),

glacial acetic acid (40.04 g, 0.67 mol) and Amberlite
IR-120 (23.44 g) were added to a four-necked reac-
tion vessel equipped with a mechanical stirrer and
thermometer. The reactor contents were mixed for 5
min prior to dropwise addition of hydrogen perox-
ide (30% w/v, 113.4 g, 1 mol) for 1 h. The reaction
was then performed over a period of 7 h at 110 rpm
and 75�C. On completion of the reaction the solution
was washed with water three times (cool, hot, cool)
to remove the residual peroxyacetic acid and then
filtered to remove the catalyst. The resin was dried
using a centrifuge and also by aeration. To remove
any remaining water, the resin was further dried
with anhydrous sodium sulfate (1 : 0.15) in an oven
at 70�C for 12 h. The water content after drying
using a Sartorius MA-50 moisture analyzer was
found to be less than 0.3%. Percentage relative con-
version to oxirane and iodine was measured at � 88
and 84%, respectively. FT-IR spectroscopy deter-
mined � 99% consumption of double bonds.

Curing kinetics using DSC

Dynamic and isothermal analysis was performed
with a TA instruments DSC Q100 differential scan-
ning calorimeter. An EHO to TETA weight ratio of
100 : 15.4 was used for the analysis. Samples
between 15 and 20 mg were enclosed in aluminum
DSC sample pans. Dry nitrogen gas at 60 mL/min
was used during the experiments to purge the DSC
cell. Dynamic scans of EHO samples were per-
formed at four different heating rates 5, 10, 15, and
20�C/min from 15 to 300�C. The cured samples
were then cooled to 15�C at a rate of 10�C/min. To
complete the heat–cool–heat cycle, the samples were
reheated to 300�C to determine the glass transition
temperature, Tg and to confirm the nonexistence of
any residual curing. Isothermal scans determined
from the dynamic DSC data were performed at four
different temperatures 110, 115, 117.5, and 120�C.
The isothermal scans were deemed to be complete
when the thermograms leveled off to a predeter-
mined baseline.

Theoretical analysis

Phenomenological modeling is often used to obtain
analytical expressions for the cure kinetics of poly-
mer resins. Depending on the reaction type, an
approximated relationship is applied and the param-
eters are fitted from the experimental data. The most
common way of obtaining the data for phenomeno-
logical modeling is by DSC. DSC cure kinetic analy-
sis is dependent on the assumption that the heat
flow, dH/dt, is proportional to the reaction rate, da/
dt. The degree of cure, a, is proportional to the heat
generated (exothermic cure reaction) due to

TABLE I
Fatty Acid Profile of Raw Industrial Hemp Oil

Fatty acid %

Palmitic 6.0
Stearic 2.0
Oleic 12.0
Linoleic 57.0
Linolenic 20.7
Other 2.3
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crosslinking and can be calculated by eq. (1) where,
DHt, is the accumulative heat of reaction given from
isothermal DSC scans up to a given time, t and
DHtotal, is the total reaction heat (averaged from
dynamic DSC scans at different heating rates) during
the complete reaction. For modeling purposes, it is
adequate to consider the total heat of reaction values
obtained from dynamic runs to be of the same order
as the isothermal heat of reactions plus residual heat
of reactions.12 The reaction rate can be calculated
from eq. (2).

a ¼ DHt

DHtotal
(1)

da
dt

¼ dH=dtð Þ
DHtotal

(2)

Numerous cure kinetic models have been devel-
oped to characterize different thermosetting resin
systems. However all kinetic models begin with the
basic rate equation which is shown in eq. (3). Where,
da/dt, is the reaction rate, k(T), is the reaction rate

constant that is an Arrhenius function of tempera-
ture, f(a), is the function that is dependent on a. k(T)
is dependent on temperature and is shown in eq. (4)
where, A is the pre-exponential factor, Ea is the acti-
vation energy, R is the universal gas constant, and T
is the absolute temperature.

da
dt

¼ k Tð Þf að Þ (3)

k Tð Þi¼ Aie
�Ea

RT (4)

Cure kinetics can be analyzed using DSC by two
primary methods; dynamic and isothermal. Dynamic
kinetic methods use a constant heating rate for a
given cycle and are not quantitatively applicable to
autocatalytic systems. Isothermal kinetic methods
use a constant temperature for a given cycle and are
able to be applied to both autocatalytic and nth
order systems.

Figure 1 Dynamic DSC curves of EHO based bio-resin at different heating rates.

TABLE II
Heats of Reaction and Peak Temperatures at Different

Heating Rates

q (�C/min) DHtotal (J/g) Tm (�C)

5 87.4 157.2
10 94.6 168.4
15 106.6 182.9
20 120.8 195.3
Avg. DHtotal 102.4 Figure 2 Plots to determine Kissinger and Ozawa-Flynn-

Wall activation energies.
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Dynamic analysis

Dynamic kinetic models based on multiple heating
rates have been developed by Kissinger14 and
Ozawa-Flynn-Wall.25,26 Both the Kissinger and
Ozawa-Flynn-Wall methods are independent of the
reaction order and consequently simplify the com-
plexity of the curing reaction. Therefore it needs to
be understood that the determined activation ener-
gies are only considered to be approximate values.
Kissinger proposes that a at the peak temperature,
Tm, is constant and independent of the heating rate,
q, for the curing reaction. Tm was determined from
the peak of the exotherms at each heating rate using
Universal Analysis 2000 version 3.9A software sup-
plied with the DSC Q100. Ea, which is the minimum
energy required to initiate a chemical reaction, can
be calculated from eq. (5) whereby a plot of ln (q/
T2
m) versus 1/Tm will provide Ea over the course of

the reaction. Ozawa-Flynn-Wall developed an alter-
native kinetic model based on Doyle’s approxima-
tion,27 eq. (6) where g (a) is a function dependent on
a. A plot of log q versus 1/Tm will provide Ea over
the course of the reaction.

d ln q
�
T2
m

� �� �
d 1=Tmð Þ ¼ �Ea

R
(5)

log q ¼ log
AEa

g að Þ
� �

� 2:315� 0:4567Ea

RTm
(6)

Isothermal cure kinetics

Generally two different kinetic models are used with
regards to thermosetting resins. The simplest kinetic
model is the nth order rate equation, eq. (7) below,
where k is the reaction rate constant and n is the
reaction order.

da
dt

¼ k 1� að Þn (7)

Autocatalytic cure reaction models are used to
model reactions where one of the reaction products
is also a catalyst for further reactions.28 The cure
kinetics of autocatalytic thermosetting resin systems
can be expressed by eq. (8), where k is the reaction
rate constant and m and n are the reaction orders.29

This model presents the maximum reaction rate
occurring in the intermediate conversion stage (a �
0.2 � 0.4) as opposed to the model in eq. (7) in
which the maximum reaction occurs at the begin-
ning of the reaction process.

da
dt

¼ kam 1� að Þn (8)

By using multiple reaction rate constants instead
of a single reaction rate constant more accurate
modeling results can be obtained. Kamal’s model,29

Figure 3 Reaction rate versus degree of cure at different
temperatures.

Figure 4 Degree of cure versus time at different
temperatures.

Figure 5 Arrhenius-type plot for reaction constant, k1.

Figure 6 Arrhenius-type plot for reaction constant, k2.
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eq. (9), uses two rate constants and has been suc-
cessfully applied to numerous autocatalytic reac-
tions of a variety of resin systems, where k1 and k2
are the reaction rate constants. The nth order
uncatalyzed and autocatalytic phenomena are
accounted for by k1 and k2m, respectively.30 Fur-
ther modification of eq. (9) has been proposed, eq.
(10). This model incorporates an amax term to pre-
vent the fractional conversion exceeding the degree
of cure associated with the vitrification phenom-
enon that may be observed in isothermal curing.

da
dt

¼ k1 þ k2a
mð Þ 1� að Þn (9)

da
dt

¼ k1 þ k2a
mð Þ amax � að Þn (10)

Postvitrification some resin systems may be con-
trolled by diffusion mechanisms rather than kinetic
factors. Equation (9) can be modified to account for
diffusion controlled mechanisms, eqs. (11) and
(12).31,32 Where C is a fitted constant, ac is the critical
conversion obtained from eq. (1). When a < ac the
system is characterized as being influenced by chem-
ical control. When a � ac, the system is said to be at
the onset of diffusion control. Once a > ac, the sys-
tem is controlled by diffusion mechanisms.

da
dt

¼ k1 þ k2a
mð Þ 1� að Þng að Þ (11)

g að Þ ¼ 1

1þ eC a�acð Þ (12)

RESULTS AND DISCUSSION

Dynamic DSC analysis

The dynamic DSC curves at different heating rates
are shown in Figure 1 with the results displayed in
Table II. Both peak temperature and total heat of
reaction linearly increased with increased heating
rates. As listed in Table II, the lowest peak tempera-
ture, 157.2�C, occurred at the lowest heating rate,
5�C/min and the highest peak temperature, 195.3�C,
occurred at the highest heating rate, 20�C/min.
From the Kissinger [eq. (5)] and Ozawa-Flynn-

Wall [eq. (6)] models, the activation energies were
determined from the gradients of the plots of ln (q/
T2
m) and log q versus 1/Tm, respectively, in Figure 2.

Due to the observed linearity of both plots, validity
of both models is suggested. Activation energies for
both Kissinger and Ozawa-Flynn-Wall models
proved to be similar, with values of 51.8 and 56.3
kJ/mol, respectively. These results are consistent
with the findings of other researchers1,23,33,34 who
also found activation energies from the Ozawa-
Flynn-Wall model to be marginally higher than the
values determined by the Kissinger model.

Isothermal cure kinetics

Figure 3 shows plots of da/dt as a function of a for
the isothermal temperatures. It was observed that
the reaction rate increased as the temperature
increased. The lowest and highest reaction rates
occurred at the lowest and highest isothermal tem-
peratures respectively. The maximum reaction rates

TABLE III
Kinetic and Diffusional Parameters at Different Temperatures

T (�C) k1 k2 m n m þ n C ac

110.0 0.00010 0.00166 0.8016 4.3779 5.1795 100 0.590
115.0 0.00020 0.00116 0.7484 3.5146 4.2630 140 0.678
117.5 0.00025 0.00101 0.7430 2.3036 3.0466 170 0.794
120.0 0.00030 0.00087 0.7080 1.6425 2.3505 200 0.895

Figure 7 Comparison of experimental data with model
predictions for reaction rate versus degree of cure at
110�C.

Figure 8 Comparison of experimental data with model
predictions for reaction rate versus degree of cure at
115�C.
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occurred after the beginning of the cure cycle which
suggests an autocatalytic reaction as opposed to sim-
ple nth order kinetics.

Figure 4 displays a series of isothermal reaction
curves for the four different isothermal tempera-
tures. The degree of cure was higher at higher tem-
peratures at the same points in time with the maxi-
mum degree of cure (0.895) observed at the highest
temperature, 120�C. A rapid degree of cure is appa-
rent within the initial stage of the reaction (0–25
min) at all temperatures due to the chemically con-
trolled state of the reaction. Following this stage, the
degree of cure begins to slow and level off due to
diffusion-controlled mechanisms.

An autocatalytic model, eq. (9), was initially used
to model the cure kinetics with unsatisfactory results
at higher conversions due to diffusion. A modified
form of eq. (9) was used instead [eq. (11)] to account
for diffusion in the model. The kinetic parameter, k1,
was determined by extrapolating the isothermal
reaction rate curves shown in Figure 3 to a ¼ 0. The
graphical-analytical method developed by Kenny13

was used to determine the other kinetic parameters
(k2, m, and n).

The values of the activation energies and the pre-
exponential factors were determined by plotting ln
k1,2 versus 1000/T, Figures 5 and 6. The activation

energies and pre-exponential were determined from
the gradients and y-intercepts respectively. The data
exhibited a linear form thereby indicating behavior
predicted by eq. (4). Computation of the data in Fig-
ures 5 and 6 generated values of Ea1 ¼ 139.5kJ/mol,
A1 ¼ e34.64, Ea2 ¼ �80.5kJ/mol, and A2 ¼ e�31.69. Ea2

displays anti-Arrhenius behavior as k2 was found to
decrease with temperature therefore implying a neg-
ative activation energy. The nature and cause of this
behavior has not been identified. This observed neg-
ative activation energy is thought to be due to an
unidentified competitive reaction that gives rise to
the appearance of k2 decreasing with increasing tem-
perature.35 From Table III it can be seen that as the
temperature increased the values of k1 increased and
k2 decreased. The higher values of k2 compared with
values of k1 suggests that the reaction may be more
influenced by autocatalytic mechanisms as opposed
to nth order unanalyzed mechanisms. Values of m
and n were found to decrease when the temperature
increased. Subsequently the overall reaction order
was found to decrease with an increase in tempera-
ture from a maximum value of � 5.2 at 110�C to �
2.35 at 120�C.
By applying the determined values of Ea1,2 and

A1,2 to eq. (4), applying eqs. (13–15) to eq. (11), the
following cure kinetic expression, eq. (16), can be

Figure 11 Comparison of experimental data with model
predictions for reaction rate versus time at 110�C.

Figure 10 Comparison of experimental data with model
predictions for reaction rate versus degree of cure at
120�C.

Figure 9 Comparison of experimental data with model
predictions for reaction rate versus degree of cure at
117.5�C.

Figure 12 Comparison of experimental data with model
predictions for reaction rate versus time at 115�C.
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developed for the EHO based bioresin cured with
TETA.

m � m� ¼ �0:0089 Tð Þ þ 4:206 (13)

n � n� ¼ �0:2801 Tð Þ þ 111:85 (14)

g að Þ � g að Þ�¼ 1

1þ e 9:95 Tð Þ�3713ð Þ a� 0:0304 Tð Þ�11:08ð Þ½ � (15)

da
dt

¼ e34:64e �16778:9
Tð Þ þ e�31:69e

9680:1
Tð Þam�

� 	
1� að Þn�g að Þ�

(16)

Figures 7–14 display the results of experimental
data and model predictions for reaction rate as a
function of degree of cure and time, respectively, for
all temperatures. The agreement of fit is satisfactory
for all temperatures suggesting the ability of an
autocatalytic model with diffusion to predict the cur-
ing behavior of the EHO based bioresin cured with
TETA.

CONCLUSION

The cure kinetics of an EHO based bioresin system
cured with TETA was investigated and characterized
by thermal analysis using DSC. Activation energies
were calculated using the Kissinger (51.8 kJ/mol),
Ozawa-Flynn-Wall (56.3 kJ/mol) and autocatalytic
methods (139.5 and �80.5 kJ/mol). The observed
negative activation energy is thought to be due to an
unidentified competitive reaction that gives rise to
the appearance of k2 decreasing with increasing tem-
perature. Further research work is required to iden-
tify the nature of this competitive reaction related to
k2. The total order of the reaction was found to
decrease with an increase in temperature from a
maximum value of � 5.2 to a minimum value of �
2.4. An increase in the degree of cure was observed
with an increase in temperature with the maximum
degree of cure (0.895) observed at 120�C. When the
degree of cure progressed through time the reaction
rate gradually decreased before finally leveling off to

zero due to diffusion-controlled mechanisms. An
autocatalytic model, modified to include the diffu-
sion-controlled mechanism postvitrification was
used for the kinetic model. The agreement of fit of
the model predictions with experimental values was
satisfactory for all temperatures enabling the devel-
oped kinetic model to be used in further numerical
modeling of EHO resins or composites containing
EHO resins.
Further work which is in progress involves an

investigation into the effects of using different hard-
eners (fast, medium, slow curing) on the cure
kinetics of EHO. This investigation will be reported
in our next publication.
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