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A B S T R A C T

Alkyl phosphonium salts are novel and unexplored modifiers for polymer based composites which can
improve the clays compatibility and dispersion in the polymer matrix. These salts can enhance the
thermal stability of the modified clays, which is an indispensable requirement for thermosetting
composites curing and processing occurring at high temperatures. In this work, a raw bentonite was ion
exchanged with tributyl(hexadecyl) phosphonium bromide and then a novel epoxy/nanoclay composite
was synthesized. The curing kinetics of the nanocomposites was studied. An extensively kinetic study
was performed by FT-IR analysis and models accounting for many potential reactions and diffusion
restrictions were proposed. A relationship between the H-bonding interactions and the kinetics was
found. Also, the effect of the modifier of bentonite was found to affect the reaction yield.
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1. Introduction

Epoxy-based thermosetting polymers are used in a variety of
industrial applications, such us in adhesives, coatings, electronics
and high performance composite materials, due to their excellent
thermal, mechanical and chemical properties [1–3]. Epoxy resins
reinforced with nanometer sized layered silicates have received
great attention due to the possibility of improving several
properties, like stiffness, strength, fire resistance, dimensional
stability, shrinkage, among others, even at low filler loadings [4,5].
Untreated nanoclays, like bentonite, are not easily dispersed in
most polymers because of their natural hydrophilicity, and thus
they are incompatible with organic polymers [6]. For this reason,
clays can be chemically modified through ion exchange reactions
with organic cations to enhance the interfacial interactions and
promote the intercalation of polymers into the interlayer galleries,
therefore, facilitating the formation of an exfoliated structure [7].

Many authors have reported the improvement of various
properties of epoxy/clay nanocomposites by incorporating alkyl
ammonium modified organoclays [8,9]. It has also been studied
that loading of the alkyl ammonium exchanged montmorillonite in
the epoxy matrix facilitates the curing reaction of epoxy based
nanocomposites [10–12]. However, the incorporation of
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ammonium modified clays into thermoset matrices is limited
because of their poor thermal stability. The same problem has been
found for melt compounding and injection molding of thermo-
plastic polymer nanocomposites at high processing temperatures
exceeding 200 �C [13,14]. In contrast, alkyl phosphonium salts
enhance the thermal stability of the organoclays [15,16], which is
necessary for the curing and processing of the composite materials
with high performance applications, for example in windmill
blades, petroleum pipelines and automotive pieces. There are few
reports on the systematic study of epoxy resins loaded with alkyl
phosphonium exchanged organoclays to improve the thermal and
mechanical properties [17,18]. Nevertheless, there are no reports
regarding the effect of alkyl phosphonium modified clays on the
curing reaction or kinetic of epoxy resins.

The first challenge to overcome when preparing an epoxy/
nanoclay composite is to disperse (intercalate or exfoliate) the
nanoclays. XDR is a suitable and commonly used technique to
verify the clay dispersion. The second challenge is to keep the
matrix chemical and structural properties, such as curing and
crosslinking degrees, to a level which does not negatively affect the
mechanical properties, chemical stability and other features
intended to get improved with the modification.

Normally, the structure and properties of epoxy/clay nano-
composites depend on the formation of the crosslinked molecular
network, which is frequently influenced by the curing mechanism
and kinetics of curing of the epoxy resin that involves several
chemical reactions [19]. The knowledge of the cure process in the
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epoxy system is crucial to get a better control of the cure reactions
and, as result, to optimize the properties of the final product [20].
One of the most widely used techniques for studying the kinetics of
the cure reaction of epoxy systems is the thermal analysis by
differential scanning calorimetry (DSC), in isothermal or dynamic
modes [21]. Modulated differential scanning calorimetry (MDSC) is
a newer technique which allows getting more information about a
thermal process. In conventional DSC, an isothermal or linear time/
temperature program is used. After subtraction of the empty pan
curve, correction for heat transport effects and calibration, one gets
the curve of the heat flow rate Q(t) into the sample versus
temperature. In modulated-temperature DSC, the common tem-
perature program is superimposed with a dynamic temperature
change (sinusoidal in most cases). The measured signal is
influenced by heat transfer conditions which change both the
amplitude and the phase shift. After subtraction of the empty pan
measurement under the same conditions and calibration, the heat
flow rate into the sample Q(t) can be calculated from the measured
signal. The measured heat flow rate is usually separated into the
underlying heat flow rate Qu (this is approximately the conven-
tional DSC curve) and the dynamic component Qd. One method
employed for the determination of these curves, which is
commercially used by MDSC (TA-Instruments), is the procedure
published by Reading and co-workers [22–25]. In this method, the
reversing component of the heat flow rate, Qrev, is calculated from
the dynamic component; whereas, the so-called non-reversing
component Qnon-rev is the difference between Qu and Qrev [26]. In
order to measure the heat of reaction, free from the sensible heat,
the non-reversing heat flow is used [27].

Another powerful technique widely used to follow kinetic
processes, is the Fourier transform infrared spectroscopy (FTIR). In
particular, near infrared spectroscopy (NIR) provides a quantitative
technique where glass sample holders can be used, with the
advantage of a practical experimental setup to monitor a rather
thick reactive sample. Besides, OH signals can be well detected,
quantified, and a reasonable differentiation of their chemical
associations can be attained [28–29]. Conversion – time curves
from FTIR experiments can be used to compare the evolution of
reaction with time, and thus to confirm the observations made by
MDSC.

A better understanding of the experimental MDSC and FTIR
data could be achieved by proposing a kinetic mechanistic model
which describes all the reactions taking place in the system.
Although the epoxy – amine system has been widely studied, the
physical processes which take place during the polymerization
complicate the interpretation of the experimental data. Vitrifica-
tion is a phenomenon which slows the reaction rate due to a loss in
the reactive groups’ mobility. In an isothermal cure process,
vitrification will be always observed if the curing temperature (Tc)
is selected in the range between the unreacted systems glass
transition temperature (Tg0) and the glass transition temperature
of the fully cured network (Tg1). This isothermal trajectory leads to
a lower final conversion than the unity (x < 1), limited by
vitrification. A post curing step at T > Tg1 is needed to attain the
complete conversion (x = 1). An isothermal curing trajectory at
Tc > Tg1 leads to complete conversion, but due to high values of
reaction heat and polymerization rate, it is usually not possible to
keep isothermal conditions. The sample temperature continuously
increases as it is impossible to dissipate the reaction heat at the
rate at which it is generated [30]. Kinetic mechanistic models have
been proposed for curing temperatures above Tg1. These
approaches consider that the general reactions which can take
place during epoxy – amine polymerization are: epoxy – primary
amine, epoxy – secondary amine, etherification and homopoly-
merization. Etherification only occurs at high temperatures [30,31]
and homopolymerization requires the presence of a Lewis base or
acid [32]. Epoxy – amine reactions can proceed catalyzed by OH
groups. OH may be initially present in the reactive mixture and
they are always formed by the reaction between epoxy and amino
groups. Epoxy monomers contain OH in their chains, which can
catalyze the polymerization from the beginning of the process, and
in the systems here studied, where nanoclays are incorporated to
the reactive system, OH are present in the clays platelets. These OH,
also initially present in the reactive mixture, may or may not play a
role in the curing kinetics. Besides, and despite drying the reactants
and clays, traces of water retained in the hydrophilic bentonite
may also contribute OH catalytic groups [33,34]. Also the
formation of an epoxy – hydroxyl complex was proposed in the
literature, which can be in equilibrium [34] or out of equilibrium
[35].

In the case of the isothermal curing trajectories below Tg1, not
only a chemical limiting factor restricts the conversion, but also a
diffusional limiting term must be considered. Accordingly, the
overall kinetic rate constant k is expressed in terms of a reaction-
limited term (kchem) and a diffusion-limited one (kdiff) [36,37]:

1
k
¼ 1

kchem
þ 1
kdiff

(1)

Chern and Poehlein [38] proposed a very simple equation
coming from the free volume theory to estimate the ratio of the
diffusion-controlled to reaction limited rate constant:

kdiff
kchem

¼ exp �C x � xcð Þ½ � (2)

where C is a constant which depends on the structure, system and
curing temperature and xc is a critical conversion. For values of
conversion significantly lower than xc, diffusion control is
negligible. This allows determining the chemical kinetic constant
for conversions lower than xc and then employing this value when
fitting the whole conversion curve, adjusting only the diffusional
parameters [39].

The critical conversion responds to the conversion from which
vitrification becomes efficient. The value of xc has been reported to
be similar to the gel conversion at low temperatures, and higher as
temperature increases, approaching Tg1 [39].

There are no many reports which consider models for both
regimes, below and above Tg1. In general, researchers select one of
the two regimes to make the kinetic analysis [39–42].

In this work, epoxy/organo-modified nanoclay composites
were prepared. Pristine and tributyl(hexadecyl) phosphonium
exchanged bentonites were used to obtain the composites. The
influence of both, bentonite and organo-bentonite, in the epoxy –

amine reactions, was studied by means of MDSC and FTIR. A kinetic
model was proposed and used together with FTIR data with the
aim of understanding the changes occurred in the reaction
parameters.

2. Experimental

2.1. Materials

A commercial diglycidyl ether of bisphenol A resin, DGEBA (DER
383, Dow chemicals) having epoxy equivalent about 176–183 g
eq�1 and a viscosity of 9000–10,500 mPa.s at 25 �C, and
triethylenetetramine (TETA, Novarchem S.A.), the hardener, were
employed. The clay in the study was a bentonite supplied by
Minarmco S.A. (Argentina). The cation exchange capacity (CEC) of
bentonite was found to be 0.939 meq g�1, measured by the
methylene blue method [43]. The organic modifier used to
exchange the pristine bentonite was tributyl(hexadecyl) phospho-
nium bromide provided by Sigma Aldrich, EEUU.
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2.2. Sample preparation

Modification of bentonite with tributyl(hexadecyl) phosphoni-
um bromide [43,44]: 2.5 g of clay were dispersed in 100 ml of
deionized water. Then, the aqueous solution of tributyl(hexadecyl)
phosphonium bromide of the corresponding concentration was
added (0.9 times the CEC of the bentonite). The mixture was stirred
for 2 h at 70 �C. After that, the suspension was filtered through a
Buchner Funnel and washed with deionized water until free of
bromide. The organoclay was dried with a spray dry system.

Epoxy/clay mixtures: The DGEBA monomer was mixed with neat
and modified bentonites in order to study the influence of the pre-
reaction procedure on the final material.

Epoxy/clay nanocomposites: The epoxy resin matrix and nano-
composites were prepared using a stoichiometric ratio between
epoxy resin and hardener. The clays were previously dried at 100 �C
for 2 h. The mixture of resin and nanoclay was prepared in the
appropriate quantities in order to obtain materials with the desired
content of clay (3 wt.%) and mixed by hand for 1 min. The mixture
was then placed in an ultrasound bath for 5 min at room
temperature. Due to the excellent epoxy – amine solubility, the
amine was added and the system was homogenized by hand.

2.3. Characterization

2.3.1. X-ray diffraction (XRD)
XRD patterns of neat and modified bentonites, DGEBA/clays

mixtures and nanocomposites were obtained from a PANanalytical
X’Pert PRO diffractometer (Holland) equipped with a monochro-
matic CuKa radiation source (l = 1.5406 Å) operating at 40 kV,
40 mA, at a scanning rate of 2� per min and a step size of 0.02�.

2.3.2. Modulated DSC
MDSC experiments were conducted in TA-Q2000 (TA Instru-

ments, USA) calorimeter with a temperature amplitude variation
of �1 �C with a period of 60 s, under nitrogen flow. About 10 mg of
the reactive mixture before curing was placed in an aluminum pan,
and the sample was tested immediately after sealing and
positioning it right on the sample cell. Each sample was tested
twice and a fresh sample was prepared before every experimental
determination.

First, each mixture was isothermically cured at 60 or 150 �C, this
stage will be referred as the “Iso stage”. Then, the sample was
cooled to 25 �C. A modulated dynamic scan was performed at
3 �C min�1 until 200 �C, this stage was denoted “Ramp 1”. These
samples were then cooled to 25 �C. Finally, they were reheated to
200 �C at 10 �C min�1, concluding the stage named “Ramp 2”. The
Iso step allowed curing up to a certain degree which would result
in a rubbery or vitrified system. Only the total heat flow was
registered in this step. The total heat flow of Ramp 1 can be split
into the reversing and non-reversing heat flow. From the last
signal, the residual heat of reaction of an incomplete cured system
could be obtained. Besides, the Tg of the partially cured system
(Tgx < 1) would be detected in the reversing heat flow [45]. As
Ramp 1 reaches 200 �C, the system would completely cure,
allowing Ramp 2 to register the Tg of the completely cured
network (Tg1) or at least, the Tg of the thermoset with the
maximum degree of curing achieved in this procedure.

2.3.3. FTIR
FTIR analyses were performed using Nicolet 6700 spectrometer

(Thermo Scientific, USA). The spectra were recorded from 4000 to
7500 cm�1 (NIR range) with a resolution of 4 cm�1 and 32 scans. In
the NIR range, the most important functional groups involved in
the curing process, such as epoxy, primary and secondary amine,
and hydroxyl functional groups, can be correctly isolated from the
neighboring absorptions [46]. Small amounts of the reactive
mixtures were deposited between two circular 3 mm thick glasses
separated by an o-ring. Once they were in the oven, their FTIR
spectra were recorded, at the selected temperature (60 or 150 �C),
every 1 min until the treatment had completely finished (at least
120 min). The initial point at time = 0 was recorded at room
temperature to avoid the advance of the reaction during the
heating.

The cure process was studied by evaluating the decrease of the
specific band of the epoxide functional group. For each sample, the
progress in the curing reaction was followed by calculating the
curing conversion:

x ¼ 1 � AðtÞ
Að0Þ (3)

where A(t) and A(0) are the reduced absorbances at time t and at
starting time, respectively, corresponding to the epoxy combina-
tion band at 4530 cm�1 [33]. The band of the benzene group which
appears at 4620 cm�1 was chosen as an invariant reference band
and was used to calculate the reduced absorbance for epoxide
functional groups [47]. Additionally, the primary amine concen-
tration was followed by monitoring the peak at 4930 cm�1,
corresponding to the �NH2 bending-stretching combination
[48]. Although the kinetic model was fitted with the epoxy
conversion, it was compared with the primary amine conversion
curve to confirm the best fitting had been achieved. The OH
attached to the polymer chains can be found at 4790 cm�1 and OH
vibrations corresponding to water are responsible for the band at
5240 cm�1 [49].

2.4. Kinetic modeling

Fourth order Runge Kutta numerical method was used to solve
the set of differential equations and the kinetic parameters were
found using the least squares method to minimize the difference
between the experimental and calculated conversion values.

2.4.1. Model 1
Let the brackets indicate concentration, A1 a primary amino

hydrogen, A2 the secondary amino hydrogen generated by the
reaction of a primary one, A2i are the initially present secondary
amino hydrogen, E the epoxy groups, OH the hydroxyl groups
formed during the reaction and OHi the hydroxyl groups initially
present in the system (OH present in the DGEBA monomer and OH
from the nanoclays, in the composites) and consider the system of
Eqs. (4)–(9).

d½A1�
dt

¼ �2k1 A1½ � E½ � OH½ � � 2k2 A1½ � E½ � OHi½ � (4)

d½E�
dt

¼ �k1ð A1½ � E½ � OH½ � þ E½ � A2½ � OH½ �Þ
� k2ð A1½ � E½ � OHi½ � þ E½ � A2i½ � OHi½ �Þ � k3 E½ � A2i½ � OH½ � (5)

d OH½ �
dt

¼ k1ð A1½ � E½ � OH½ � þ E½ � A2½ � OH½ �Þ þ k2 A1½ � E½ � OHi½ �
þ k3 E½ � A2i½ � OH½ � (6)

d A2½ �
dt

¼ k1 A1½ � E½ � OH½ � � E½ � A2½ � OH½ �ð Þ þ k2 A1½ � E½ � OHi½ � (7)
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d A3½ �
dt

¼ k1 E½ � A2½ � OH½ � þ k2 E½ � A2i½ � OHi½ � þ k3 E½ � A2i½ � OH½ � (8)

d A2i½ �
dt

¼ �k2 E½ � A2i½ � OHi½ � � k3 E½ � A2i½ � OH½ � (9)

Then, the reactions described are: (1) epoxy – primary amino
groups reaction, catalyzed by the newly formed OH groups, with a
rate constant k1, (2) epoxy – secondary amino group when the
amino hydrogen was generated by the reaction of a primary amino
hydrogen, catalyzed by newly formed OH groups, characterized by
a rate constant k1, (3) epoxy – primary amino groups catalyzed by
initially present OH groups, characterized by k2 rate constant, and
(4) epoxy – secondary amino groups when the amino hydrogen
was initially present in the curing agent, catalyzed by initially
present OH groups, with a rate constant k2, (5) epoxy – secondary
amino groups when the amino hydrogen was initially present in
the curing agent, catalyzed by newly formed OH groups, given by a
k3 rate constant.

It has already been found in the literature [34,39,50], and
proved in this work while searching for the best fitting model, that
the reaction rate of the primary and secondary amino groups with
epoxy is the same, thus well described by a unique kinetic
parameter k1. It has also been previously considered a kinetic
model accounting for the uncatalyzed reactions, but this consid-
eration was found to be useless for the best data fitting.

In the systems here studied there are different hydroxyl groups,
those present in the clay platelets and those present in the resin
and formed during the reaction, the two last being chemically
similar and different from those of the nanoclays. It was found that
independently if the OH groups that catalyze the epoxy – amine
reaction are the formed or the initially present, the ratio of the
primary/secondary amine reactivity remains unaltered.

2.4.2. Model 2
An epoxy – hydroxyl complex was reported to be in equilibrium

[34] (see Eq. (10)) or out of equilibrium [35].

E þ OH,EOH (10)

Here, EOH (a complex formed with hydroxyls formed in the
reaction) and EOHi (a complex formed with initially present
hydroxyls) were proposed to be out of equilibrium. EOHi was
introduced in accordance to the existence of OHi and because EOH
alone did not prove to fit the data.

The set of proposed reactions was:

E þ OH ! EOH keð Þ (11)

EOH ! E þ OH k0e
� �

(12)

E þ OHi ! EOHi keið Þ (13)

EOHi ! E þ OHi k
0
e

� �
(14)

A1 þ EOH ! A2 þ 2OH k1ð Þ (15)
A1 þ EOHi ! A2 þ OH þ OHi k1ð Þ (16)

A2 þ EOH ! A3 þ 2OH k1ð Þ (17)

A2 þ EOHi ! A3 þ OH þ OHi k1ð Þ (18)

The reaction rate constants of Eqs. (11)–(18) may be all
different. The similitude arose from the data fitting. So the rate
equations become:

d½A1�
dt

¼ �2k1ð A1½ � EOH½ � þ A1½ � EOHi½ �Þ (19)

d E½ �
dt

¼ �ke E½ � OH½ � � kei E½ � OHi½ � þ k0eð EOH½ � þ EOHi½ �Þ (20)

d OH½ �
dt

¼ �ke E½ � OH½ � þ k0e EOH½ �
þ k1ð2 A1½ � EOH½ � þ 2 A2½ � EOH½ � þ A1½ � EOHi½ �
þ A2½ � EOHi½ �Þ (21)

d A2½ �
dt

¼ k1ð A1½ � EOHi½ � � A2½ � EOH½ � � A2½ � EOHi½ �Þ (22)

d EOH½ �
dt

¼ ke E½ � OH½ � � k0e EOH½ � � k1ð A1½ � EOH½ � þ A2½ � EOH½ �Þ (23)

d EOHi½ �
dt

¼ kei E½ � OHi½ � � k0e EOHi½ �
� k1ð A1½ � EOHi½ � þ A2½ � EOHi½ �Þ (24)

d OHi½ �
dt

¼ �kei E½ � OHi½ � þ k1ð A1½ � EOHi½ � þ A2½ � EOHi½ �Þ (25)

3. Results and discussion

The samples used to study the curing reaction are the neat
epoxy resin, MATRIX, i.e., a stoichiometric mixture of DGEBA and
TETA; the resin modified with 3 wt.% of neat bentonite, BENT, and
the resin modified with 3 wt.% of tributyl(hexadecyl) phosphoni-
um bromide exchanged bentonite, TBHP.

3.1. XDR characterization

Fig. 1 shows the XRD patterns of the clay powders and the
finally cured epoxy/clay nanocomposites. The basal spacing (d0 0 1)
was calculated from Bragg’s law:

d ¼ l
2sinðuÞ (26)

The d-spacing of the clays were found to be 1.2 and 2.2 nm for
the neat bentonite and for the exchanged one, respectively
(Fig. 1a). The increase in the interlayer spacing of the organo-
bentonite was due to the presence of alkylphosphonium ions
inside the gallery regions.



Fig. 1. XRD patterns of: (a) clay powders; (b) epoxy/clay nanocomposites.

Fig. 2. Isothermal heat flow curves at 60 �C.

Fig. 3. Non-reversing heat flow during heating at 3 �C/min, modulated � 1 �C every
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The position of the diffraction peak of the clay in the BENT
sample (Fig. 1b) did not shift towards lower angles indicating that
exfoliation of the platelets did not occur and, thus, a lack of
compatibility between the matrix and the untreated bentonite. On
the other hand, XRD pattern of the cured epoxy filled with the
organoclay, TBHP sample, did not show any diffraction peak
corresponding to the d0 0 1 interlayer spacing of the organoclay.
This can be attributed to the loss of orientation, and thus
exfoliation, of the clay platelets within the epoxy matrix. Hence,
the organoclay is well dispersed in the composite and it is a
suitable filler with a great potential to improve the matrix
properties. At the light of these results, the first challenge to be
overcame when preparing a composite, i.e., the dispersion of the
filler, can be perfectly accomplished by modifying the bentonite
with tributyl(hexadecyl) phosphonium bromide before incorpo-
rating it to the epoxy matrix.

3.2. MDSC characterization

The MDSC cycles were chosen on the basis of the vitrification
phenomenon described by Williams and Pascault [30]. An
isothermal curing below Tg1 at 60 �C and another one above
Tg1 at 150 �C were selected. The thermal results are summarized in
Table 1. The first isothermal trajectory led to x < 1 and vitrification
was observed. A residual heat of reaction after the isothermal
curing confirmed that vitrification was responsible for the reaction
limit. The second isothermal trajectory, at 150 �C, allowed
registering the Tg of the material at the highest degree of curing,
but the heat of reaction data was missed because the system cured
rapidly and the reaction proceeded during the heating ramp up to
the temperature set point.

The curves of the isothermal curing at 60 �C (see Fig. 2) shows a
faster reaction rate for the BENT and TBHP samples compared to
MATRIX. In spite of this difference, Tgx < 1 were all similar with a
Table 1
MDSC results for matrix and nanocomposites.

Temperature of isothermal curing Property 

(�C) 

60 DHiso (kJ eq�1) 

Tg (�C) 

Residual DHdin (kJ eq�1) 

DHtot (kJ eq�1) 

Tg1 (�C) 

150 Tg1 (�C) 
value of 77 �C. This is in agreement with the literature [30] which
predicts, in general, a Tg of the incomplete reacted network 20–
30 �C above the curing temperature. These results would imply
that no structural differences occurred during the polymerization.

It can be observed in Fig. 2 that MATRIX reacted slower than the
composites during the isothermal step, thus presented a higher
residual heat of reaction (Fig. 3,Table 1). BENT showed the fastest
reaction in both stages, the isothermal and dynamic ones. The
faster reaction could be a consequence of a catalytic effect caused
by OH groups present in the nanoclay and absent in the MATRIX
[51]. These hydroxyls may belong to the silanol groups which are
present in the surface of the clay platelets. The TBHP sample shows
an intermediate case, with a slight increase in the reaction rate
with respect to the MATRIX. This behavior can be attributed to the
fact that the hydrophilicity of the organoclay is lower, so there are
less trapped water molecules, and also to the fact that the
Sample

MATRIX BENT TBHP

73.1 87.5 91.1
77.0 � 0.3 77.2 � 0.7 77.1 � 0.4
17.5 5.5 7.8
90.6 93.0 98.9

142.0 � 0.6 142.7 � 0.8 145.0 � 0.9
143.0 � 0.7 145.0 � 0.9 137.0 � 0.6

60 s, after the isothermal treatment at 60 �C.
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organoclay has an organic content of almost 30 wt.%, so the
concentration of OH groups is lower compared to BENT sample.

TBHP was the only sample which almost reached the theoretical
total heat of reaction of 105 � 5 kJ/eqepoxy [33,52–55]. The lower
total heats of reaction of MATRIX and BENT could imply an
incomplete conversion in these samples, in accordance to their
slightly lower Tg after the dynamic curing stage. However, it would
not be accurate to calculate the degrees of conversion from these
thermal data, since it is very probable that part of the heat of the
isothermal reaction had been missed from registry during the
sample preparation and heating ramp up to the temperature set
point.

Data shown in Table 1 demonstrate that the highest Tg
registered was 145 �C, in accordance to previous experiments of
the work team. This is expected to be the glass transition
temperature of the fully cured network, i.e., Tg1. The isothermal
curing at 150 �C led to a BENT network with Tg1 = 145 �C, a MATRIX
network with Tg1 = 143 �C, i.e., thermosets of complete and almost
complete conversion, but a TBHP network with a Tg1 = 137 �C
which clearly has not reached a complete conversion. Due to the
mentioned errors carried out in MDSC experiments (missing heat
of reaction data) conversion values will be discussed on the basis of
FTIR results, and will be useful to look for a kinetic model.

3.3. FTIR and kinetic mechanistic modeling

FTIR measurements are expected to be more accurate than
MDSC to determine the epoxy – amine kinetics because the initial
Fig. 4. Possible reactions taking place
points at time = 0 can be collected at room temperature avoiding
the advance of reaction during the heating ramp. Of course some
error would prevail at the higher temperatures, but would only
affect the initial times of reaction, i.e., the lower conversion values.

The reactions of epoxy – amine systems can be summarized as
shown in Fig. 4 [30]. As it was mentioned in the introduction
section, etherification occurs only at high temperatures and
homopolymerization needs the presence of a Lewis base or acid
[30,31]. 150 �C is not expected to be a high enough temperature to
allow the etherification, but an experimental confirmation is
needed. Concerning homopolymerization, OH groups that are
present in the nanoclays could play the role of the Lewis base, so
this reaction should also be experimentally discarded.

First, DGEBA – bentonite and DGEBA – organobentonite
mixtures were prepared without the hardener and analyzed by
FTIR at 150 �C. No epoxy consumption was observed at the highest
temperature employed for the kinetic study, so etherification can
be neglected at all the temperatures used, and the OH of the clays
showed no participation in the hompolymerization reaction.

With the aim of understanding the influence of OH groups of
the nanoclays on the epoxy – amine curing kinetics, the Model
1 was proposed taking into account the main factors affecting the
curing process. The conversion – time curves were obtained from
FTIR experiments for MATRIX, BENT and TBHP samples. The
selected temperatures for the kinetic study were 60, 120 and
150 �C, including a vitrification process at 60 �C, a curing
temperature above Tg1 (150 �C) and an intermediate case at
120 �C, in accordance to MDSC studies.
 in the epoxy – amine mixtures.
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In this model some missing values could not be included, these
are the initial hydroxyl concentration [OHi] when nanoclays are
present in the reactive formulation, because the OH content in the
nanoclays is not known neither easy to be determined. Besides, the
value needed for the modeling is the effective amount of OH in
the surface of the clays, capable to participate in the reaction
mechanism. Also, traces of water may contribute some hydroxyls
in each sample, which may affect the [OHi] as well. In all the cases,
the known initial hydroxyl concentration coming from DGEBA
monomer was used in the model, which might introduce some
error. This error would be specially reflected in the k2 results, so
this rate constant will be considered separately.

The values of the kinetic parameters used to model the curing
kinetics are listed in Table 2. k3 values are very similar to those of
k1; in general k3 is lower than k1 at low temperatures and becomes
higher at elevated temperatures. For TBHP samples, differences
were negligible. The diffusional limiting parameters xc and C,
needed to fit the data at 60 �C are also listed. Figs. 5–7 compare the
experimental and the modeled epoxy conversion curves. The
images of these figures are separated for better visibility clarity.

The model for the conversion curves at 60 �C fits very well the
experimental data. C values resulted independent of temperature,
a tendency already reported in the literature [39]. The xc value was
higher for TBHP sample, which suggests that in that system chains
may have a better mobility while reaching the final conversion at
that temperature.

Reaction rates are very similar, but slightly increase in the order
MATRIX < TBHP < BENT. The shape of the conversion curves is very
similar at 60 �C, indicative of similar reaction mechanisms. These
findings are in accordance with MDSC results.

At higher temperatures, differences in the conversion curves
arise, as it can be seen in Fig. 6. While BENT conversion starts
increasing from initial times, MATRIX is delayed. TBHP is an
intermediate case and it is analyzed separately in Fig. 7, since more
differences are encountered. At 150 �C TBHP does not achieve the
complete conversion, as it was mentioned when analyzing the MDSC
data. When considering the better fitting for 60, 80 (not shown) and
120 �C, Arrhenius law predicts an overestimated conversion curve at
150 �C than the experimentally found. This may be indicative of a
change in the mechanism of the reaction. It has been reported than
the clay modifiers can alter the conversion yield. Huski�c et al. [56]
found a marked decrease of the conversion yield in poly(methyl-
metacrylate) (PMMA) polymer when mixed with montmorillonite
(MMT)modifiedwith cetyl-trimethylammonium bromide(CTMAB).
They demonstrated that the CTMAB was the responsible for the final
conversion reduction, not the MMT.

Continuing with the general analysis, when looking at the data
at the three temperatures for all the formulations, a more
pronounced delay exists at higher temperatures. Although the
Table 2
Kinetic parameters studied in the range 60–150 �C.

Parameter Sample

MATRIX BENT TBHP

Ak1 1.310�103 5.398�103 1.900�103
(kg2 eq�2 s�1)
EA 43.3 � 2.7 47.3 � 3.1 44.9 � 1.9
(kJ mol�1)
Ak3 4.691�103 1.232�104 1.900�103
(kg2 eq�2 s�1)
EA 47.7 � 2.8 50.1 � 3.3 44.9 � 2.1
(kJ mol�1)
xc (60 �C) 0.726 0.726 0.783
Ca (60 �C) 5 5 5

a The C values tabulated are those used in the system of equations of the reaction
rates expressed in concentration, not conversion as in Eq. (2).

Fig. 5. Experimental (symbols) and model (lines) conversion curves at 60 �C.
model fitting seems deficient at initial times (0–3 min) for MATRIX
(see Fig. 6), it represents the process quite well. As it was discussed,
initial conversions would carry the error of the reaction advance
during the heating up to the set point, so it is not strange having
difficulties to fit the initial values at 150 �C.

An analysis of the influence of each kinetic parameter in the
conversion – time curves, showed that the delay in the reaction
starting is achieved with lower k2 values. Table 3 shows the k2
values for the three formulations at each temperature.

Except for a few values, k2 decreases with temperature
generally, in contradiction with the Arrhenius law. This failure
in the model allowed identifying the process which is in
disagreement. As it was mentioned previously, k2 values would
carry an error from the unknown [OHi] data for composites. But in
the case of the MATRIX this is a theoretically calculated value.



Fig. 6. BENT and MATRIX experimental (symbols) and model (lines) conversion
curves at 120 and 150 �C.

Fig. 7. TBHP experimental (symbols) and model (lines) conversion curves.

Table 4
Kinetic parameters for the model accounting for epoxy – hydroxyl complexes.

Parameter Temperature
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Moreover, MATRIX has the most pronounced deviation from
Arrhenius law. It is reported in the literature [34,35] that the
concentration of an epoxy – hydroxyl complex can decrease with
temperature in the epoxy – amine reaction systems. The existence
of such a complex with the mentioned dependence on tempera-
ture could be in agreement with the Model 1 failure. With the aim
of finding out if a model accounting for a complex could fit the data,
the Model 2 was used to compare the conversion curves of the
MATRIX, at those temperatures where no diffusion restrictions
take place. Here the purpose is only to find out the behavior of the
Table 3
Kinetic constants for the reactions catalyzed by initially present OH groups, k2, at
different curing temperatures.

Sample k2 value (kg2 eq�2 s�1)

60 �C 120 �C 150 �C

MATRIX 5.83�10�5 3.00�10�8 1.58�10�14
BENT 1.03�10�4 7.83�10�4 3.00�10�4

TBHP 8.00�10�5 1.52�10�5 2.83�10�5
kinetic constants with temperature, no activation energy is
calculated, thus, fitting the data with two temperatures is enough.

The formation of the EOHi, i.e., the kei, depends inversely on
temperature, contrary to the predictable result, although EOH
showed the expected dependence. Table 4 exemplifies the kinetic
parameters employed to fit the MATRIX data with the Model 2. This
model failure can be discussed on the bases of FTIR spectra’s
interesting features at initial times.

The OH peak at 4790 cm�1 increases with time as OH groups are
formed by the epoxy – amine reaction, as expected. Simulta-
neously, the peak at 5240 cm�1, which is assigned to the OH
vibrational transition of absorbed water [57], was found, indicating
that at least traces of water may be present in the reactive
mixtures. Water hydroxyls are susceptible to catalyze the epoxy
reactions [47]. The results of Choi’s study suggested that even a
small amount of water which is absorbed during the course of
curing or during storage condition could significantly accelerate
the rate of cure reactions for epoxies. This would explain why
MATRIX sample needed the introduction of OHi in the kinetic
model in order to fit the conversion data: water hydroxyls are
chemically different from those belonging to the DGEBA monomer,
so it is necessary to differentiate those hydroxyls. Moreover, if
water molecules were present, then the calculated [OHi] value,
regarding the DGEBA monomer’s hydroxyls, would not be accurate.
The unknown [OHi], which additionally should not be necessarily
the same at different temperatures, would explain the kinetic
model failure. Lower rate constants found at higher temperatures
would be a consequence of lower [OHi], actually. Bearing in mind
that [OHi] comes in part from water, it is reasonable to think that
water can be lost by evaporation at higher temperatures. Besides, it
would not be possible to find all the missing parameters in the set
of reaction rate equations of the kinetic model, with the actual
experimental data: reaction rate constants could be found if the
amount [OHi] were known, but determining also the [OHi] from the
same set of data would make the method unreliable. However,
the aim of this work is to elucidate the influence of the chemical
species in the reaction media. Bearing this in mind, the solution to
the rate equations and the parameters found will be used in order
to correlate the following experimental facts.

It was already explained that the near infrared (NIR) peak at
5240 cm�1 corresponds to water absorbance. However, the
evolution of the peak’s intensity over time would be intriguing
if considering it only represents water concentration.

Fig. 8 shows the relative peak intensity at 5240 cm�1 calculated
as:

At=Aref;t

A0=Aref;0
(27)

where At is the absorbance at any time, A0 is the absorbance at
initial time and Aref is the absorbance of the reference species at
4620 cm�1.
120 �C 150 �C

k1 (kg eq�1 s�1) 8.5 �10�3 1.5 �10�2

ke (kg eq�1 s�1) 1.35 �10�2 1.42 � 10�2

k0e s�1� �
1.35 �10�6 1.13 � 10�5

kei s�1� �
6.83 � 10�4 2.83 �10�4



Fig. 8. 5240 cm�1 NIR relative peak intensity evolution with time for all the samples
at the three studied temperatures.
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It is evident that in the MATRIX sample, the intensity increases
during the first few minutes, and then falls to its initial value. At
60 �C there is an increment and very low diminution and in the
case of composites, only for TBHP at 120 �C the maximum exists,
the rest of the samples show only the intensity decrease. In order to
account for the observed changes in the NIR spectra of the OH
species, it can be remarked that: (i) no apparent cause exists to
enhance the absorbed water in the reactive mixture, neither water
is formed in any reaction in the studied system, (ii) an
enhancement of the absorbance in the NIR spectrum can be
caused by the intensity of the physical interactions between the
chemical groups. Musto et al. have already reported such an
increase in an OH signal in the NIR and they attributed it to the
enhancement of the absolute integrated intensity, i.e., a physical
factor rather than a chemical one [28]. Looking at the 6690 cm�1

signal, associated with the O��H overtones, together with the
5240 cm�1 one, for DGEBA and DGEBA – modified bentonite
mixture, heated at 150 �C, the following relative peak intensity
changes occur: 6690 cm�1 intensity increases while 5240 cm�1

decreases. For these samples the epoxy signal at 4530 cm�1

remained unaltered, as mentioned when discarding etherification
and homopolymerization reactions. These facts support the idea of
OH signals changes being due to H-bondings rearrangements.
Apparently, the 5240 cm�1 peak enhancement is related to the
reaction rate retardation.

Bearing in mind the comments made about the usage of the
kinetic model with qualitative purposes, the [EOHi] predicted
evolution with time can be compared to the experimental NIR
changes, in order to make a correlation. The model predicts a
[EOHi] enhancement at initial times, going through a maximum at
Fig. 9. Time evolution of the 5240 cm�1 relative peak intensity and modeled EOHi

concentration, for MATRIX at 150 �C.
around 2 min (see Fig. 9). In coincidence, at these short times, the
NIR signal at 5240 cm�1 markedly changes. This fact supports the
idea of the reaction rate being highly affected by the H-bondings
interactions at short times: a reactive intermediate which is
strongly affected by H-bondings participate in the reaction path
and its concentration is expected to be maximum (i.e., its influence
in the reaction rate is expected to be stronger) when those force –

interaction changes take place.
All the experimental evidence, together with the mismatch in

the proposed kinetic models, indicates that the initial hydroxyls in
the reactive mixtures account for the kinetic changes observed in
the samples studied. Regarding the composites, it is then possible
that a higher initial [OHi] coming from some water content in the
hydrophilic nanoclays accelerates the reaction compared to
MATRIX, but hydroxyls inherent to the nanoclays platelets may
cause the same effect. It is also possible that the presence of the
nanoclays changes the hydroxyl interactions among the species
present in the reactive mixture, generating the reaction rate
enhancement.

Although there are many reports about water addition
influence in the curing kinetics of epoxy based systems
[47,58–59] there is no information about the effect of traces of
water retained in high temperature reactive mixtures even after
the reactants drying procedure, which may not be a hundred
percent effective. Even after drying, a small amount of water is
susceptible to be retained within the liquid monomers structure.
When curing at high temperatures (above 100 �C) these retained
water molecules could be released in some extent. Moreover, if
hydrophilic clays are incorporated to the reactive system, the water
retention by the reactants can be severely affected and change the
curing kinetics of the neat matrix.

4. Conclusions

FTIR was an adequate technique to perform the curing kinetic
study of epoxy resin/nanoclays based composites. No homopoly-
merization neither etherification reactions were found to occur in
composites or polymer matrix formulations.

For the first time, tributyl(hexadecyl) phosphonium bromide
was used to modify bentonite nanoclays employed in composites
and its influence in their curing kinetics was analyzed. This
modifier was found to be responsible for the reduction of the
reaction yield of the epoxy – amine system.

Several models representing the curing kinetics of the resin
matrix and composites were proposed and extensively analyzed.
Together with FTIR data, these models helped to identify the factor
which caused the changes in the kinetic curves between
composites and MATRIX. It was found that traces of water initially
present in the system accelerate the reaction rate, even when the
reactants were previously dried. Curing at high temperatures
apparently modifies the initial water concentration. Composites
present higher reaction rates, originated in a faster reaction onset,
which can be attributed to a higher concentration of water
molecules coming from the nanoclays, to the presence of hydroxyls
in the nanoclays laminae or to different H-bonding interactions
among the reactive species at initial times.

At the light of the results found, it is for the first time stated that
the incorporation of alkyl phosphonium modified bentonite can
improve the thermal stability needed in composites processing
with no apparent detriment of the curing process.
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