
Introduction

Alkaline phenol-formaldehyde resins are one of the
most important adhesives for manufacturing composite
wood materials for structural uses [1]. Resins with dif-
ferent molar ratios between phenol (P) and formalde-
hyde (F) (usually in excess of the latter) can be synthe-
sized, using different alkali types and concentrations
and different condensation temperatures, leading to
prepolymers with controlled viscosities, degrees of
polymerization, pH values, etc. Phenol–formaldehyde
reaction proceeds through the formation of hydroxy-
methylphenol reactive groups (HMP), so that the major
part of the cure reactions are attributed to the condensa-
tion reactions between them. However, although some
papers have been published on the kinetics and mecha-
nisms of condensation reactions of HMP groups as
model compounds [2, 3], the reaction pathway of phe-
nol-formaldehyde prepolymers is still no well known [3].

Differential scanning calorimetry (DSC) is the
most popular technique for monitoring oligomer cur-
ing and has been extensively used in curing studies of
phenolic resins, mostly since the appearance of high
pressure crucibles [4–8]. Attempting to explain the
curing behaviour, mechanistic models application be-
comes extremely complex in case of the kinetic analy-
sis of phenolic type resins, where multiple and paral-
lel reactions are in competition and their products can

take part in the reaction with the starting reactant [1].
Several authors have applied different approaches
based on fitting kinetic data to previously assumed re-
action models [9–14]. Nevertheless, this type of ap-
proaches has resulted in some inconsistencies as are
not effective in explaining complex reactive systems
particularities [14]. Therefore, methods based on the
isoconversion concept can be considered more appro-
priated to be used [12]. Model-free kinetics (MFK) is
well suited to depict the kinetics of complex reactions
such as the cure of PF resins [15, 16]. Several applica-
tions of the novel isoconversional method in the cur-
ing process of epoxy or polyurethane resins have al-
ready been reported but unfortunately few studies
have been reported about the kinetic study of the cur-
ing process of phenolic resins [14, 17, 18]. In addi-
tion, reported literature attempted to explain the cure
behaviour of individual resins, without a deep study
of the influence of synthesis parameters on it. In order
to complete our previous work [19], we report in this
paper the results obtained by application of several
MFK methods such as Ozawa–Flynn–Wall (OFW),
Kissinger–Akahira–Sunose (KAS) and Friedman, to
calorimetric experimental data of the curing process of
five phenolic resole resins synthesized with different
monomer molar ratios and/or catalyst type. KAS
method has also being used for predicting the dynamic
cure behaviour of one of PF resins. Finally, this work is
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aimed to obtaining kinetic data related to the complex
curing of resoles and, in particular, we attempt to ex-
plain those activation energy values in order to corre-
late the effect of both catalyst type and formaldehyde
content used in the synthesis with the relative contribu-
tion of each reaction to the main curing process.

Experimental

Synthesis of prepolymers

Phenol and 37 mass% aqueous solution of formalde-
hyde commercial products supplied by Hexion Spe-
cialty Chemicals were used as monomers without fur-
ther purification. Several prepolymers (RT series)
were synthesized with formaldehyde to phenol molar
ratios from 1.0 to 2.2 using triethylamine (TEA) as
catalyst. A fixed amount of triethylamine was added
in all cases in order to maintain a constant value of
TEA/P molar ratio (0.011). On the other hand, an-
other prepolymer was synthesized with sodium hy-
droxide as catalyst and an F/P value of 1.8 (RN1.8). In
this case hydroxide was added as a 50% aqueous solu-
tion up to a pH value 8.0. Condensation was carried
out at 80°C until prepolymers showed a 1/1 g/g solu-
bility in water. Water extraction was performed under
vacuum at 45–48°C until the solid content of resins
achieved 72–78%. Samples were stored at –20°C un-
til they were analyzed. Table 1 resumes the starting
conditions of each synthesized prepolymer.

Calorimetry

Calorimetric measurements were used to perform the
kinetic study of synthesized prepolymers polymeriza-
tion. Calorimetric measurements were carried out us-
ing a Mettler Toledo DSC-20 calorimeter. Around
3–4 mg of samples were placed in stainless steel cruci-
bles of 120 �L sealed with a Viton® O-ring, which can
withstand 2 MPa. Dynamic scans were carried out
from 30 to 280°C at 1, 5, 10 and 20°C min–1 heating
rates. Curves were processed with the Mettler To-
ledo STARe software to extract the degree of cure, �,
reaction rate, d�/dt, and corresponding temperature,

T�, in the 0���0.99 range. Degree of cure was deter-
mined at a specific cure time, t, as the partial heat of re-
action divided by the total heat of reaction as follows:
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Model-free kinetics approach

The isoconversional principle was used in the models of
Kissinger [9], Ozawa and Flynn and Wall [10, 11].
These models start from a general equation, where the
temperature dependent rate constant (k(T)) relates the
reaction rate (v) with the reaction model, which is ex-
pressed by a function dependent on the conversion, f(�).
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where t is time, T the temperature and � the extent of
cure reaction. The explicit temperature dependence of
the rate constant is introduced by replacing k(T) by
the Arrhenius equation, which gives
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where A is the pre-exponential factor and Ea the activa-
tion energy of the process. Dynamic calorimetric runs
are useful to perform cure kinetics studies in the whole
reaction temperature range. At non-isothermal condi-
tions, the evolution of conversion with temperature is
analyzed and the explicit time dependency is removed
by the introduction of =dT/dt, the heating rate term.
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Ozawa method relates the activation energy with
both heating rate and temperature of the exothermic
peak of reaction (Tm). By taking natural logarithms in
the general expression
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Table 1 Physical and chemical properties of phenolic prepolymers

RT1.0 RT1.4 RT1.8 RT2.2 RN1.8

�25°C/mPa s 165 432 550 621 560

nD 1.552 1.559 1.561 1.559 1.555

�20°C/g cm–3 1.183 1.212 1.214 1.206 1.228

H2O solubility/mg mg–1 1.48 1.82 1.94 2.21 1.85

pH 7.70 7.53 7.5 7.45 7.79

H2O/mass% 8.67 8.75 5.48 6.64 9.123

Solid content/mass% 72.2 78.8 78.4 73.8 78.1



Doyle [13] defined the polynomial function
p(Ea/RTm) as follows:
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For (Ea/RT) values between 20 and 60 this poly-
nomial function can be approximated to the following
expression:
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Thus, Eq. (5) gives for the heating rate () the
expression:

ln – .�
�

�
		




�
��C

E

RT
10516 a

m

(8)

where

C
g E

AR
� ln

( )
– .

� a 5330

takes a constant value at each extent of reaction.
Besides, Kissinger [9] reported a different ex-

pression for the determination of pre-exponential fac-
tor in case of n order reaction. The pre-exponential
factor is evaluated on the assumption of a first-order
reaction. This expression also relates activation en-
ergy with heating rate and temperature of the exother-
mic peak in a dynamic temperature scan.
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Both Ozawa and Kissinger simple methods as-
sume that cure reactions are not dependent on the cure
temperature and provide a single activation energy
value which maintains constant along the cure process.

On the other hand, the basic assumption of
model-free isoconversional methods is that reaction
model is not dependent on the heating rate. The appli-
cation of both OFW and KAS methods within the
whole range of conversion allows the activation energy
to be determined as a function of conversion, without a
forced fitting of non-isothermal data to a hypothetical
unique reaction model. Thus, Eqs (8) and (9) can be
expressed for each extent of reaction within the whole
temperature range along the dynamic scan.
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Activation energy values at each conversion
have been calculated from the slope of the plot of ln
or –ln( / ) �T 2 vs. (1/T�), respectively. At the same time
values of C� and Ck(�) have been obtained from the
intercept in each case.

On the other hand, for various heating rates, i,
the Friedman method directly evaluates Eq. (3) at a
specific degree of cure �:
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being

Cf(�)=ln[A�f(�)] (13)

For a specific � and at several heating rates,
pairs of ( )d /d

i
� �t and T� i

can be determined
experimentally from DSC curves. Activation energy
values at each conversion have been calculated from
the slope of the plot ln( )d /d

i
� �t vs. 1/T� i

and Cf(�)

from the intercept. Friedman method does not
introduce any approximations and the method is not
restricted to the constant heating rate mode as in case
of OFW and KAS methods, which use Doyle’s
approximation, so that only provide estimate values
of activation energies. However, as in the case of any
kinetic methods involving the differential term
(d�/dt), the Friedman method is subjected to signi-
ficant numerical instability and noise interfer-
ence [20].

Assuming the hypothesis that cure reactions are
not dependent on the temperature, the application of
MFK methods allows to determine time, temperature
and extent of cure without the introduction of a fixed
form of f(�) function [14, 21]. By representing ob-
tained activation energy values against conversion,
the nature of the reaction can be deduced from the
shape of the curve [22], e.g. competitive, consecutive,
reversible, diffusion controlled, etc. In the present
work, the different kinetic models above mentioned
have been applied to calorimetric measurements
carried out during nonisothermal curing.

Results and discussion

Dynamic cure of phenolic resins

Figure 1 presents the dynamic calorimetric scans of syn-
thesized prepolymers at 1°C min–1. Two exothermic
peaks can be observed. During decades, the diversity in
resin composition and employed conditions variations
for resole synthesis has derived in an incomplete under-
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standing of the thermal behaviour of those resins attend-
ing to recently reported literature [23]. In general, it is
assumed that the first exothermic peak at 120–140°C
(peak I) corresponds to the condensation reaction, in-
volving the formation of both methylene and di-
methylene ether bridges. The second peak at highest
temperatures (peak II) is related to subsequent reactions,
e.g. dimethylene ether bridges breakage [4, 7, 24]. The
higher the formaldehyde amount the greater second exo-
thermic peak intensity. Both dimethylene ether bridge
concentration and oxidation products increase as form-
aldehyde to phenol molar ratio does [17, 23]. Table 2 in-
cludes the average enthalpy of reaction of synthesized
prepolymers. RT1.4 labelled prepolymer showed the
maximum value, decreasing as the formaldehyde con-
tent increased up to 2.2. In our previous report [19] we
had demonstrated that at initial states of the cure pro-
cess, residual addition reactions are possible in cases of
lack of formaldehyde since the achieved degree of sub-
stitution of phenolic rings during synthesis is low, al-
lowing to remaining formaldehyde to be added to free
reactive sites. Those residual addition reactions were
probably affecting the values of curing enthalpies at low
formaldehyde content resoles, decreasing as the formal-
dehyde to phenol molar ratio increased due to the ab-
sence of reactive free aromatic sites.

On the other hand, enthalpy of reaction also
seemed to be independent on the catalyst type used in
the synthesis. This fact is surprising since it had been
demonstrated that the type of catalyst affects the reac-
tion pathway [3, 19, 25, 26], being studied mainly the
effect of hydroxide type catalysts on addition reac-
tions both in para and ortho positions. In general, it
had been reported that sodium hydroxide favours the
addition on para free sites in contrast of the prefer-
ence of amine type catalysts to create hydroxymethyl
groups on ortho free sites [3, 19, 25]. Higher effect on
addition reactions had been observed with amine type
catalysts, suggesting higher degree of substitution in
cases of amine catalyzed resoles [19, 24, 25]. Besides,
some authors have concluded that the use of amines in
phenolic resin synthesis leads to a higher dimethylene
ether concentration [19, 24, 25]. However, few stud-
ies have been developed about the catalyst role in
condensation reactions and calorimetric studies car-
ried out suggest that either formaldehyde to phenol
molar ratio or water amount are important parameters
that affect to the overall reaction enthalpy. Therefore,
the preference of catalyst type to the methylene or
dimethylene ether formation seems not to be affecting
since curing reaction involves the participation of
several independent reactions that are not possible to
be evaluated as individual processes. Those apparent
limitations in elucidating the cure behaviour and
detecting the influence of all parameters solely by the
analysis of enthalpy values make essential an accurate
analysis in terms of curing kinetics.

Application of kinetic models

With the aim to evaluate and compare the curing be-
haviour of synthesized prepolymers, several kinetic
approaches had been carried out. Assuming that the
cure reaction pathway does not change with the heat-
ing rate, both Ozawa and Kissinger simple methods,
Eqs (8) and (9) respectively, had been applied for the
fitting of experimental data. Values of activation en-
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Fig. 1 DSC dynamic scans for amine catalyzed prepolymers at
1ºC min–1. The curves have been normalized by taking
into account the mass of each sample

Table 2 Enthalpy of reaction of synthesized phenolic
prepolymers

Prepolymer �H/J g–1

RT1.0 260.0

RT1.4 274.3

RT1.8 233.4

RT2.2 232.5

RN1.8 234.4

Table 3 Activation energies obtained by Ozawa and
Kissinger methods (kJ mol–1)

I II

RT1.0
Ozawa
Kissinger

79.7
76.7

81.2
78.0

RT1.4
Ozawa
Kissinger

79.8
77.0

94.4
91.8

RT1.8
Ozawa
Kissinger

79.7
77.9

94.5
92.7

RT2.2
Ozawa
Kissinger

75.5
72.3

111.5
109.8

RN1.8
Ozawa
Kissinger

64.1
60.1

170.7
171.7



ergy of each reaction (peaks I and II) obtained by
those methods are summarized in Table 3.

Park et al. [6] reported an activation energy
value of 85.3 kJ mol–1 as studied by differential scan-
ning calorimetry. In our case, both Ozawa and
Kissinger methods offered similar values for all re-
soles. According to values of activation energy of the
first peak, related to the polycondensation reaction,
one should consider that resoles catalyzed with
triethylamine present in general a similar behaviour.
RT2.2 resole presented a lower activation energy
value as the presence of higher amount of hydroxy-
methyl groups would activate aromatic rings towards
the polycondensation [27]. However greater differ-
ences were observed in case of the second reac-
tion (II) which is related to the evolution of first
formed dimethylene ether bridges and/or parallel re-
actions involving oxidized groups. It seems that dif-
ferences in activation energy values were greater with
the increase of formaldehyde content, while RT1.0 re-
sole presented similar value of activation energies in
both cases. The lower value of activation energy of
the RN1.8 resole could be a consequence of a differ-
ent reaction pathway derived from the effect of hy-
droxide in the curing process. Therefore, although
those simple methods result in a good fitting of exper-

imental data, it is obvious that those single activation
energy values offer limited information about charac-
teristics of the reactive process, and any change de-
rived from the singularity of those systems can not be
detected by the sole application of simple kinetic
models. Therefore, model-free isoconversional
methods had been applied, in particular, OFW, KAS
and Friedman methods.

As shown in Fig. 2, conversion profiles in the
whole range of temperatures can be plotted for each
resole resin at different heating rates. According to
OFW, KAS and Friedman methods, Eqs (10)–(12),
respectively, applied for each heating rates, the acti-
vation energy dependence on conversion for each re-
sole resin had been obtained. Figures 3a–c show the
dependence of Ea on degree of cure by fitting using
each of the three methods.

The overall range of values is in concordance
with values reported in literature for phenolic resole
resins [6]. Energy values obtained by the application
of KAS and OFW methods were very similar, while
Friedman method application yielded to higher acti-
vation energy variations. On the other hand, both
KAS and OFW methods presented curves shifted to
higher conversion by comparing with those from
Friedman. Those effects have been previously ob-
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served and recently reported literature suggests [20]
that they could be attributable to the fact that both
KAS and OFW methods are derived by the use of
Doyle’s approximation (Eq. (6)), while Friedman
method is not based in any approximation. Therefore,
the accuracy of energy values obtained from Fried-
man method is greater, being more sensitive to
changes in mechanism.

However, whatever the method was, activation
energy presented strong dependence on the degree of
cure, increasing as conversion did after a period of a

concave decrease, especially for low-formaldehyde
content systems. This behaviour was also described
by Li et al. [14] with acid catalyzed resole resins. Ac-
cording to literature [28], an upward tendency is char-
acteristic of a reactive process which involves multi-
ple, parallel and competitive reactions. Activation en-
ergy showed the cited upward curve up to a maximum
value where it started to decrease with a convex
shape. Vyazovkin et al. [28] have reported that a con-
vex shaped decrease of the activation energy with the
increase of degree of cure is related to the transition
from the kinetic to the diffusive regime.

Within triethylamine catalyzed resoles the en-
ergy value at the maximum increased as F/P molar ra-
tio did and the maximum value of energy shifted to
lower conversion values. RT2.2 presented a maxi-
mum energy value of 120 kJ mol–1 near 60% of reac-
tion while in case of RT1.4 activation energy in-
creased up to 90 kJ mol–1 at a degree of cure of 70%.
In contrast, activation energy of RT1.0 resin pre-
sented small changes upon conversion as the com-
plexity of curing decreases [21]. Figure 4 shows the
value of the combined complex parameters Cf(�),
Ck(�) or C� of RT1.4 and RT1.0 prepolymers. Also
this parameter is dependent on degree of cure, so that
reflects the changes in mechanism as a function of ini-
tial monomer molar ratios, since RT1.0 prepolymer
presented an almost constant value along the reaction.
Both Ck(�) and E� were then introduced for the mod-
elling of dynamic cure of RT1.4 as we present below.
Once more, in case of Cf(�) higher differences were
observed as in case of activation energy variations.

It seems evident that in case of amine catalyzed
systems, higher the formaldehyde, and in conse-
quence the hydroxymethyl reactive groups concentra-
tion, earlier the transition to a diffusive control of the
reaction is. In the case of lower formaldehyde content
resins, the value of activation energy is found to de-
crease at initial stages of reaction.
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Fig. 3 Activation energy dependency on degree of cure by ap-
plying a – OFW, b – KAS and c – Friedman
isoconversional models

Fig. 4 Combined complex parameters for RT1.4 and RT1.0
prepolymers: ��� – Ck(�), — – Cf(�) and --- – C�



A concave form decrease upon conversion is re-
lated to the presence of reversible reactions [21, 28].
As we previously reported [19], addition reactions of
remaining formaldehyde are likely to occur in case of
RT1.0 and RT1.4 resoles as enough free aromatic re-
active sites are able to react. New hydroxymethyl
groups could lead to a decrease in the activation en-
ergy value due to the activation effect of the alcohol
groups over the aromatic ring. He et al. [21] detected
the same behaviour in the analysis of the reaction be-
tween phenol and formaldehyde, attributing it to the
influence of intermediate products derived from re-
versible formaldehyde addition reaction. The concave
decrease occurs in a narrow range of conversion, as
addition takes place mainly in the previous synthesis
process. In case of higher formaldehyde to phenol
molar ratio, remaining addition reactions could also
be possible during the polycondensation since form-
aldehyde becomes reactant as is released as by-prod-
uct of some condensation reactions. However, there is
no evidence of this fact in activation energy values of
those systems.

The comparison between RT1.8 amine catalyzed
resin and sodium hydroxide catalyzed RN1.8 is very in-
teresting. As we describe above no relevant differences
have been observed in those cases in terms of enthalpy
of reaction. However, the activation energy curve shape
presented important differences in both cases. In case of
sodium hydroxide catalyzed resin activation energy
seems to be more affected by the increase of degree of
cure and, in addition, energy reached the maximum
value at lower conversion, near 50%.

He et al. [21] also detected this effect in resoles
catalyzed with sodium hydroxide, while for resoles
catalyzed with acid catalyst Li et al. [14] did not de-
scribe similar behaviour. It must be taken into account
that two transitions are presented during curing pro-
cess: one from the liquid-viscous state to the rubbery
state (gelation) and another from the rubbery to a
glassy state (vitrification). The molecular mobility is
reduced due to network formation between both tran-
sitions, and the kinetic control gives way to a diffu-
sive control of the reaction. Both the increase of tem-
perature and the degree of cure, along with molecular
structure phenomena (linear or branched chains for-
mation, network formation) affect directly to diffu-
sion [21, 29]. Besides, higher amount of water de-
tected in RN1.8 resole could be also responsible of
the decrease in the activation energy at higher values
of degree of cure by plasticization effects [30]. Ob-
served differences reveal a serious effect of catalyst
type onto the curing process of resins, which corrobo-
rates the fact that enthalpy values or single activation
energy value do not clarify the curing behaviour of
those complex reactive systems.

Modelling of dynamic cure

KAS method was used to predict the dynamic cure of
phenolic RT1.4 prepolymer. The model was developed
using 1, 5 and 10°C min–1 values of heating rates and
the dynamic prediction corresponds to curing at
20°C min–1. By using Mathcad 12.0 program and by
the application of Eq. (11), theoretical relationships be-
tween temperature and degree of cure were obtained at
specific heating rates, as shown in Figs 5a and b.

Dotted curves correspond to KAS predictions
while continuous lines had been used for experimental
curves. Although it is noted that there is a slight shift at
the initial stages of reaction, KAS model seems to be
effective to describe the dynamic cure of this system
at 20°C min–1, especially at higher conversions.

Conclusions

The kinetic study of different phenolic resole resins
was carried out using differential scanning calorime-
try and activation energies of those systems were ob-
tained by application of model-free kinetics. Synthe-
sized systems presented two exothermic peaks related
to polycondensation and ether bridge decomposition
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Fig. 5 Comparison of both a – experimental dynamic cure and
b – conversion profiles vs. KAS predictions for RT1.4
resole resin



and oxidative processes, respectively. The relative in-
tensity of both peaks changed as formaldehyde con-
tent increase. Resoles synthesized with low content of
formaldehyde presented a higher value of enthalpy as
a consequence of addition residual reactions. KAS,
OFW and Friedman model-free kinetic methods were
selected to be applied for the kinetic study of the cure
development of those systems. Model-free kinetic
methods had been found to be more convenient and
reliable than other model fitting approaches applied
commonly in literature in case of phenolic resins. An
upward dependency of activation energy on conver-
sion was observed in all cases, indicating a complex
reaction pathway that involves multiple and competi-
tive polymerization reactions. The Friedman method
had been found to be more sensitive to activation en-
ergy changes than KAS or OFW methods where the
use of Doyle’s approximation reduced their accuracy
and shifted the maximum value to lower conversions.
However, three methods revealed that the complexity
of the process increased as the initial formaldehyde
content did, so that changes in activation energy were
determined to be less considerable for low formalde-
hyde resoles. Furthermore, activation energy reached
the maximum value at lower conversion as formalde-
hyde content increased. In addition, an initial de-
crease of energy values was observed for low F re-
soles, probably derived from residual addition
reactions. The presence of sodium hydroxide in the
systems leads to higher energetic processes in com-
parison with that for triethylamine. Above a fixed
value of conversion the reaction is diffusion con-
trolled and thereby activation energy depends on the
molecular structure and plasticization effects in each
system. Finally, KAS algorithm was found to be
suitable for the dynamic cure prediction of resole type
prepolymers, whereas Friedman method presented
higher consistency and accuracy in the activation
energies determination.
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