
Introduction

Polymer clay nanocomposites (PCN) are novel com-

posite materials that have received a lot of attention

during the last decade due to the significant improve-

ment in mechanical, thermal, barrier, and flame-retar-

dant properties. These enhanced properties are pre-

sumably a result of the nanometer size, large aspect

ratio and large surface area of the silicate layers [1–9].

Montmorillonite (MMT) clays are usually used

owing to their nano-dispersible character. MMT has

platelet geometry. Each MMT layer is composed of

two tetrahedral layers sandwiching an alumina octa-

hedral sheet. There is a cation deficiency on the sur-

face of the clay layers that is compensated by the ex-

changeable metal ions (e.g. Na
+
) which are in the

interlayer. Since natural clays are hydrophilic, they

are generally modified by short chain molecules to

make them more compatible with the host polymer,

thereby making the clay organophilic. These organic

modifiers can participate in the reaction(s) with resin

components and improve the miscibility of the clay

with resin. By diffusing host polymer chains into the

layers of intercalated clay, the individual clay layers

can be intercalated or exfoliated [10–12].

Phenolic resins are the polycondensation prod-

ucts of reaction of phenol with formaldehyde which

have been widely used owing to their high heat resis-

tance, high char yield, solvent resistance and moder-

ate flame resistance that make them appropriate for

thermal insulation materials, adhesives, abrasives,

coating applications, molding compounds, laminates

and in other composite materials. Resol resins are

synthesized under basic conditions using an excess of

formaldehyde [13–16].

On the other hand, only a few studies have been

performed with phenolic resins in the nanocomposite

field. Their three-dimensional molecular structure even

prior to cure and the formation of water as a by-product

of cross-linking may avoid the exfoliation of the clay

even when they are not crosslinked [17–22].

In a previous study [22], resol type phenolic

resin/layered silicate nanocomposites were synthe-

sized by monomer intercalation to overcome the

structural problem of MMT dispersion and exfolia-

tion into phenolic resin matrix. Thereby, MMT was

modified by using an amino acid, L-phenyl alanine, in

order to induce condensation reactions between the

carboxyl end group of the L-phenyl alanine and the

hydroxyl groups of the formaldehyde and enhance the

compatibility with the phenolic resin matrix. From

X-ray diffraction (XRD) analysis and atomic force

microscopy (AFM), we have shown [22] that the sili-

cate layers of clay achieve an intercalated/exfoliated

state in the resol matrix. Moreover a slight improve-

ment in thermal stability of the resin system has also

been observed by the incorporation of the organically

modified clay. Overall, for thermosetting systems in

industrial applications, it is important to know the

curing behaviour in order to obtain the desired prop-
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erties of the final product. Thus, the study of the cure

kinetics contributes both to a better knowledge of the

process development and to improving the quality of

the final material.

There are two approaches to study the cure kinet-

ics, namely mechanistic and phenomenological. In the

case of phenolic resins, it is difficult to apply mechanis-

tic model due to multiple and parallel reactions in com-

petition. Thus, phenomenological models are more suit-

able to study the cure kinetics of these polymers [23].

Thereby, model-free kinetics (MFK), such as

Ozawa or Kissinger’s models [24–26] are appropriated

to portray the kinetics of complex reactions such as the

cure of phenolic resins [27–32]. These models relate the

heating rates (�) to the peak exothermic temperatures

(Tp) of dynamic curves to obtain the activation energy of

overall cure process. MFK does not assume any definite

form of the reaction and allows for variations in activa-

tion energy as the reaction progresses.

On the other hand, the curing kinetics of polymers

during nanocomposites formation has been less studied

[33–39] and for phenolic resins it does not exist.

Thus, in order to complete our previous work

[22, 40], the main aim of this paper is to report the re-

sults obtained by application of the MFK method of

Kissinger–Akahira–Sunose (KAS) to calorimetric ex-

perimental data of the curing process of five montmo-

rillonite modified phenolic resol resins. KAS method

has also been used for predicting the dynamic cure be-

haviour of one of the composites. Finally, this work is

aimed to obtaining kinetic data related to the complex

curing of resols in order to correlate the effect of

montmorillonite on the main curing process.

Experimental

Phenol was kindly supplied by Hexion Specialty Chem-

icals Ibérica, and formaldehyde (35–40% aqueous solu-

tion) and triethylamine (TEA) were purchased from

Panreac and used without further purification. Untreated

Na
+
MMT and Cloisite 30B, a MMT organically treated

with methyl tallow bis-2-hydroxylethyl quaternary am-

monium, were obtained from Southern Clay Products.

L-phenyl alanine (Phe) was purchased fromAldrich and

used for modifying Na
+
MMT.

L-phenyl alanine modified montmorillo-

nite (PheMMT) was prepared through the ion ex-

change of Na
+
MMT with L-phenyl alanine in acidic

environment according to the extended method in-

cluded in a previous paper [22]. The operating condi-

tions of curing and formulation of composites have

been reported elsewhere [22, 40].

Neat resol (Res) was synthesised following the

same conditions than for the modified resins. Samples

with montmorillonite were designed as Phe-i, Ci be-

ing i the mass content of modified montmorillonite.

Differential scanning calorimetry (DSC),

Perkin-Elmer DSC-7, was used to perform dynamic

and isothermal experiments. Sample masses were be-

tween 3 and 5 mg and medium pressure/ Viton 120 �L

pans were used. Dynamic temperature scans were

conducted at five heating rates 5, 10, 15, 20 and

25°C min
–1

from 30 to 280°C. Isothermal DSC runs

were performed at 110°C during 180 min and then the

residual heat of reaction was obtained from a subse-

quent ramp scan at 10°C min
–1

from 30 to 280°C.

Apparent extent of cure was determined as the iso-

thermal reaction enthalpy divided by the total enthalpy

of reaction calculated as the addition of the enthalpy

from the isothermal mode to the residual one. Nitrogen

was used as purge gas at a flow rate of 40 mL min
–1
.

Isoconversional methods

Isoconversional methods are based on dynamic kinet-

ics analyses by DSC [41]. In the reaction rate equa-

tion (Eq. (1)) used to study the resins curing kinetics,

the extent of cure (�) is proportional to the heat gen-

erated during the reaction rate and the reaction is ex-

pressed by a function of conversion.
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where t is time, k the rate constant and f(�) is a model

function that depends on reaction mechanism. The ex-

plicit temperature dependence of the rate constant is
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where A is the pre-exponential factor, Ea the activation

energy of the process, which is independent of conver-

sion and R the gas constant. Therefore, at non-isother-

mal conditions and considering that d�/dt=�(d�/dT)

where �=dT/dt is the heating rate term, the integral form

of the rate equation can be expressed as:
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In order to compute Arrhenius parameters at dy-

namic conditions, there are some relationships de-

pending on the approximate form of the temperature

integral that have been based on Eq. (3). The

Kissinger–Akahira–Sunose’s model-free [42] is one

of them, where the reaction order is taken into ac-

count. The pre-exponential factor is evaluated on the

assumption of a first-order reaction. In the KAS

LÓPEZ et al.
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method, E� is evaluated by using Doyle’s integral ap-

proximations [43] when 20<E/RT<60:
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Thereby, applying logarithms, the expression for

each extent of cure reaction within the whole temper-

ature range along the dynamic scan, is the following:
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being:
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For each extent of cure �i, the corresponding T�
i

and heating rate are used to plot ln( / )� �i
i

T
2

vs. 1/T�
i

.

The parameters E� and Ck(�) are then determined

from the regression slope and intercept, respectively.

Taking into account the hypothesis that cure re-

actions are not dependent on temperature, the applica-

tion of isothermal methods allows to determine time,

temperature and extent of cure without the introduc-

tion of a fixed form of f(�) function [28, 30]. By rep-

resenting obtained activation energy values vs. con-

version, the nature of the reaction can be deduced

from the shape of the curve [44], e.g. competitive,

consecutive reversible, diffusion controlled, etc.

Therefore, the effect of the addition of the organoclay

in the main curing process can be studied.

Results and discussion

Kinetic parameters from MFK methods

After synthesis and curing of phenolic resol resin, four

different composites have been prepared. When using

PheMMT as clay, at low percentages (Phe-1 and

Phe-2 composites), an intercalated/exfoliated state has

been achieved, but increasing the amount of modified

MMT (Phe-4 composite), an intercalated composite

with some agglomerates of clay results [22]. On the

other hand, using Cloisite 30B (C2 composite), thick ag-

glomerated clay particles are observed, indicating poor

dispersion of this MMT in the resol matrix [22].

The cure pathway of phenolic resol resins is

mainly based on two reaction types [13, 28, 32]. First,

addition reactions of hydroxymethyl groups to ortho-

and para-free positions of phenol (or/and L-phenyl

alanine in the case of PheMMT modified composites

[22]). Secondly, condensation reactions of methylol

phenols with phenol and/or methylol phenols lead to

the final resin [13, 28, 32]. Figure 1a presents dy-

namic calorimetric scans of synthesized composites

and neat resol at 10°C min
–1
. As can be observed, neat

resol (Res) exhibits two major exothermic peaks that

shift to higher temperatures with increasing heating

rate (Fig. 1b). In general, it is assumed that the first

exothermic peak at 150–170°C is related to residual

addition reactions (mostly of addition reactions were

completed during synthesis of resol resin) and con-

densation reactions of resols giving as a result methy-

lene and ether bridges [32, 45, 46]. The second exo-

thermic peak, centered around 200°C, is related to

subsequent reactions, such as the break of ether

bridges to methylene bridges and/or oxidation reac-

tions at high temperatures [32, 40]. As reported in a

previous work [40], the behaviour of the composites

can change in the presence of modified MMT. In-

creasing PheMMT content, both exothermic peaks

merge in only one. Depending on the clay content and

the used surfactant, it was observed that modified

montmorillonite can lead to acceleration of reactions

that usually occur in the second step [40].

RESOL-CLAY NANOCOMPOSITES

Fig. 1 DSC dynamic scans for a – composites and neat resol at

10°C min
–1

and b – resol matrix cured at 5, 10, 15, 20

and 25°C min
–1
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Thereby, with the aim to evaluate and compare

the curing behaviour of synthesized composites,

Figs 2a–e display the curves of extent of cure vs. tem-

perature for all the composites and neat resol at differ-

ent heating rates. As can be observed, when compar-

ing the curves of conversion-temperature profiles of

different composites with this one of resol at same

conversion, the presence of PheMMT accelerates

cure reactions. On the other hand, curves for C2 com-

posite are in general slightly delayed at high conver-

sion, overall at higher heating rates, while its behav-

iour at 5°C min
–1

is fairly similar to this one of the

neat resol. For example at 160°C and 10°C min
–1
, if

the conversion for neat resol is 0.25, for Phe-2 is 0.33

and for Phe-4 is 0.36, while for C2 is 0.20.

Isoconversional method of Kissinger–Akahira–

Sunose was applied to determine the kinetic parame-

ters. Figure 3 show the dependence of Ea on extent of

cure for all the composites and neat resol. The overall

range of Ea values is similar to other values reported

for phenolic resol resins [27, 29, 32]. For neat resol,

the observed upward tendency of Ea values is charac-

teristic of a reactive process which involves multiple,

parallel and competitive reactions [45]. Therefore, an

increase in activation energy is observed up to over

70% extent of cure. Above this extent of cure, Ea

changes the upward tendency and it starts to decrease,

that Vyazovkin et al. [47] reported as a kinetic transi-

tion from a chemical to a diffusion-controlled pro-

cess. As can be observed, at extents of cure around

20–30%, there is a slight Ea decrease related to the

presence of reversible reactions [28, 32, 47]. Addition

reactions of remaining formaldehyde are likely to oc-

cur in the case of RT1.4 resols because enough free

aromatic reactive sites able to react do exist. Thereby,

new hydroxymethyl groups could lead to a decrease

in the activation energy value as a result of the activa-

tion effect of the alcohol groups over the aromatic

ring. The decrease occurs in a narrow range of con-

version because addition takes place mainly in the

previous synthesis process.

LÓPEZ et al.

Fig. 2 Apparent conversion-temperature profiles of a – neat resol, b – Phe-1, c – Phe-2, d – Phe-4 and e – C2 composites at sev -

eral heating rates indicated in the figure c

Fig. 3 Activation energy variation upon extent of cure ob-

tained by KAS method for: neat resol, Phe-1, Phe-2,

Phe-4 and C2 composites
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Therefore, the reaction of phenolic resins is a

complex process, which includes addition and con-

densation reactions going through gelation and vitrifi-

cation stages [13, 32]. On the other hand, the curing

reactions of phenolic resins, when mixed with

organoclay, may become more complicated because

of interactions between resol and modified clay and

the presence of the clay during the curing, as it was

also observed in a previous study [40].

Thus, significant variations are observed in Ea val-

ues in modified clay resins. For montmorillonite modi-

fied phenolic system, a balance between the intragallery

and the extragallery polymerisation rates is required in

order to exfoliate the clay into the matrix [22]. For exfo-

liated/intercalated composites as Phe-1 and Phe-2, this

balance seems to be achieved. In the case of Phe-4 or C2

composites, the extragallery polymerisation seems to be

more favourable, remaining part of the added modified

clay as agglomerates [22].

When PheMMT is used, the presence of the

amino acid group in the intragallery of the MMT

could lead to condensation reactions between car-

boxyl (–COOH) end group of L-phenyl alanine and

–OH groups of formaldehyde in aqueous acidic solu-

tion, thus acting like an anchorage point between the

layers and the resin. This fact could catalyze cure re-

actions [33, 34, 37, 40] as a result of the reactive ef-

fect of the L-phenyl alanine groups, as above shown

in Fig. 2. On the other hand, as previously reported

[40] the presence of modified PheMMT could accel-

erate the oxidative reactions that naturally occur at

higher temperatures. The largest oxidation was seen

for composite Phe-2 where acid nature of MMT and

phenylalanine could favour oxidation reactions. On

the other hand, in the case of Cloisite 30B, the pres-

ence of long alkyl chains of the surfactant seems to

decrease the acid nature of the montmorillonite, thus

avoiding the acceleration of these oxidation reactions

at the used temperatures.

Furthermore, the lack of interactions in composite

C2 between the montmorillonite modifier and the reac-

tive groups of resol along with the low extent of cure

achieved due to the steric barrier of the unreactive clay

that remains in large agglomerates, observed in a previ-

ous study [22], results in the decrease in the Ea values.

On the other hand, Table 1 provides the apparent

extent of cure values at a specific cure time for isother-

mal curing at 110°C and dynamical curing at

10°C min
–1
[40] for the different composites. As can be

seen, when increasing the clay content for PheMMT

composites, the apparent extent of cure at this time, de-

creased from 0.76 to 0.55. Thereby, higher clay contents

seem to hinder the curing reactions as a result of the clay

providing a steric barrier [36], although in the case of

PheMMT composites, apparent conversion values could

be lower than real because in scans used to obtain resid-

ual enthalpies higher temperatures are reached and so,

more affected by oxidation reactions [40]. Thus, at ini-

tial stage of curing, the presence of reactive groups of

MMT modifier could catalyse the curing reactions but

the clay can also create a steric barrier at further stages

of reaction. Moreover, the presence of oxidation reac-

tions in the case of PheMMT composites seems also to

affect the cure.

When Cloisite 30B was used, as it does not con-

tain reactive groups, curing reactions were retarded

possibly due to the presence of montmorillonite ag-

glomerates as observed in a previous study [22].

Modelling of dynamic cure of Phe-2 composite

KAS method was also used to predict the dynamic cure

of Phe-2 composite [27]. This model was developed us-

ing 5, 10, 15°C min
–1
values of heating rates and the dy-

namic prediction corresponds to curing at 20°C min
–1
.

At a selected heating rate Ck (�) (defined in Eq. (6)) and

E�, both were substituted into Eq. (5) to predict the ap-

parent extent of cure vs. temperature behaviour. By us-

ingMathcad 12.0 and by application of Eq. (5), theoreti-

cal relationships between extent of cure vs. temperature

curves have been obtained, as shown in Figs 4a–b for

Phe-2 composite. Symbol curves correspond to KAS

predictions, while continuous lines are experimental

curves. Despite a slight shift at the initial and the final

stages of reaction, KAS model seems to be effective to

predict the dynamic cure of this system at 20°C min
–1
.

RESOL-CLAY NANOCOMPOSITES

Table 1 Extent of cure and area (J g
–1
) under the exothermic peak for the different composites for isothermal (110°C) and dy-

namic measurements (10°C min
–1
)

Composite Isothermal reaction enthalpy Residual enthalpy Total enthalpy Apparent extent of cure

Res 170 55 225 0.76

Phe-1 177 100 277 0.64

Phe-2 185 122 307 0.60

Phe-4 161 129 290 0.55

C2 104 146 254 0.41
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Acquisition of apparent rate constant values for

composites and neat resol

From the kinetic values obtained from isocon-

versional method, apparent rate constants can also be

studied for different extents of cure (Fig. 5). No sig-

nificant changes in apparent rate constant values for

neat resol and C2 composite were observed. On the

contrary, when using PheMMT as modified clay, at

early stages of curing a slight increase in rate constant

values is detected. PheMMT modified composites

present not only ring reactive positions but also other

reactive sites as a result of the presence of the

L-phenyl alanine modifier [22, 48, 49] that can result

in this increase in rate constant values. At the final

stage of curing, all the composites seem to have simi-

lar apparent rate constants.

Conclusions

A kinetic study of different composites based on pheno-

lic resol resins and modified montmorillonites was car-

ried out using differential scanning calorimetry. Activa-

tion energies of those systems were obtained by

application of Kissinger–Akahira–Sunose model-free

kinetics. An upward dependency of activation energy on

conversion was observed for neat resol, indicating a

complex reaction pathway that involves multiple and

competitive polymerization reactions. On the other

hand, when all the composites were analyzed, a differ-

ent behaviour was observed. When using PheMMT,

changes in Ea values during curing process of compos-

ites can be the result of two different factors: on one

side, the presence of possible additional reactions be-

cause of the reactive modifiers of MMT and on the

other, the clay providing a steric barrier. On the con-

trary, using Cloisite 30B, only small changes in appar-

ent rate constant with conversion were observed be-

cause of the poor dispersions of this clay in the matrix.

On the other hand, kinetic parameters obtained from

KAS method indicate that neat resol and composites

present different cure reactions depending on the load of

clay and the kind of modifier, concluding that PheMMT

modified composites react more easily than neat resol

due to the presence of modified montmorillonite. Fur-

thermore KAS algorithm also was found to be suitable

for the dynamic cure prediction of these polymer clay

nanocomposites.
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