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The curing behaviour of an industrial melamine—formaldehyde (MF) resin with four different commercial
curing catalysts was analyzed from thermal studies using differential scanning calorimetry (DSC) and
model-free kinetic (MFK) analysis. For the kinetic study, the mathematical approaches developed by
Friedman, Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose and Vyazovkin were used to calculate curing
isotherms. With all kinetic approaches the apparent activation energy, E,, depended to some extent on

Keywor.ds: . the degree of conversion («). Besides being obscured by experimental errors, in some cases higher E,(«)
Melamine-formaldehyde resin . . R . .

Kinetics were calculated with higher catalyst concentrations, illustrating that E;(«r) may not be the only relevant
Isoconversional kinetics parameter to compare different resin systems. However, E,(«) was found to be well suited for predicting
Curing the isothermal curing behaviour of MF resin. The time required for achieving a certain conversion, «, was

calculated for different temperatures. By comparing the calculated isotherms to experimental isothermal
data obtained at 80, 100, and 120°C it was found that the Vyazovkin approach in its advanced form was
best suited to predict the curing kinetics of MF with all catalyst systems tested. By applying DSC-MFK
it was possible to detect and characterize the de-blocking behaviour of different catalysts for MF curing.
The presented results illustrate that isoconversional methods for kinetic analysis of thermochemical data

Differential scanning calorimetry

can be applied to the investigation and optimization of melamine-formaldehyde resins.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Products containing melamine-based aminoplastic resins are
presentin our daily environment, for example, as furniture, flooring,
or exterior cladding, and represent an important market segment.
Approximately 1 million metric tons of melamine was consumed in
2006; for 2009, the consumption is estimated to reach 1.3 million
tons [1]. The major consumers of melamine are the wood-based
panel and laminate manufacturers, which supply the furniture and
construction industries with high-quality surface-coated interior
and exterior materials [1]. Typically, particleboards are manufac-
tured by gluing comminuted lignocellulosic material with 20-25%
(w/w) of a melamine-formaldehyde (MF) resin in a hot press [2].
Practically all of these boards are subsequently coated with sheets
of decorative paper that are impregnated with MF resins to obtain
wood-like or custom design surfaces [3]. While about 30% of the
melamine produced in 2006 was consumed in the manufacture of
wood adhesives, the largest proportion was used for MF impreg-
nation and coating resins for industrial laminates (ca. 50%). The
remainder went to surface coatings (9%), moulding compounds
(7%), and other applications [1].
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The curing behaviour of an MF resin and its degree of cross-
linking govern the customized product properties. If the resin is not
sufficiently cured, particleboards glued with MF will lack mechan-
ical strength [4] and surface finishes based on MF-impregnated
papers will lack hardness, durability, brilliance, and resistance
towards hydrolysis and chemical agents [5]. The cost of particle-
board manufacturing is mainly governed by the production line
speed so that the reaction time required for a specific cross-linking
degree of MF is an important issue. Lamination of impregnated
sheets onto wood-based panels takes place in presses at temper-
atures between 160 and 180 °C. Depending on the type of product,
the pressurized cycle times of modern press equipment range from
6 to 30s for short-cycle presses to several minutes in multi-platen
presses. The supplier of impregnated paper must be able to deliver
products suitable for the whole variety of different pressing con-
ditions used by his customers. In short, for the whole range of
products in the wood-based panel industry, a rapid achievement of
an optimal cross-linking degree upon pressing is desired and resin
technologists need to know how to design gluing formulations and
impregnation solutions complying with product properties, pro-
duction technology, and production speed.

A key issue in tailoring the curing behaviour of MF resins is the
right choice of type and amount of curing catalyst [6]. To obtain the
desired product properties in the shortest time possible, it must
be known what degree of cross-linking («) can be obtained with a
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Fig. 1. Schematic representation of some elementary reactions taking place during the initial phase of melamine-formaldehyde resin condensation: (1, 5, 6) methylolation,
(2) formation of methylene-ether bridges, (3) formation of methylene bridges, and (4) rearrangement with formaldehyde liberation.

certain combination of MF and curing catalyst at a specified cure
time and temperature. While classical reaction kinetics can sup-
ply this information for reactions where the reaction mechanisms
are known and quantitative relationships between the reactants
and products can be accurately formulated, such information is not
available for the cross-linking of MF resins. Although the elemen-
tary MF cross-linking reactions are known, the reaction mechanism
is rather complex and cannot be used accurately for quantitative
predictions. This is illustrated in Fig. 1.

MF resin formation proceeds in two steps [2]. Initially, melamine
is amino-methylolated by addition of formaldehyde (Fig. 1, (1)).
Depending on the molar ratio and the reaction conditions, the
degree of methylolation ranges from one to six (Fig. 1, (6)). In
the second step, condensation takes place and basically two types
of bridges are formed. Methylene-ether bridges (Fig. 1, (2)) are
formed by auto-condensation of two methylol groups. Amino-
methylene bridges (Fig. 1, (3)) result from condensation of methylol
compounds with free amino groups present on the triazine ring
[7]. Formaldehyde addition is reversible and structural rearrange-
ments are observed [8]. Upon hydrolysis of methylene ether bonds,
formaldehyde may be re-liberated (Fig. 1, (4)) and is thus avail-
able for introducing cross-linking sites at different positions (Fig. 1,
(5)). The numerous possibilities for recombination of the various
chemical species lead to very complex reaction mixtures especially
if modifying chemicals such as urea are co-polymerized into the
melamine-formaldehyde network [9,10] in the case of wood binder
resins. The condensation strongly depends on reaction parame-
ters such as molar ratio, pH, and temperature profiles during resin
preparation [7]. The system is further complicated by incorpora-
tion of different types of additives and curing catalysts, and classic
kinetic models for describing the curing kinetics are bound to
fail due to the lack of knowledge of an appropriate mechanistic
model.

In recent years, model-free approaches have been described for
the kinetic analysis of the cross-linking of resins such as epoxy
[11-13], lignin-based [14], and phenolic resins [14,15] based on
thermochemical data obtained from DSC. While such resins were
successfully investigated by these methods, so far no attempts have
been made to apply DSC-MFK to melamine-formaldehyde resins.

In the present contribution, a number of thermochemical meth-
ods are compared that allow the prediction of the curing behaviour
of an MF resin based on a small set of designed experiments with
dynamic differential scanning calorimetry (DSC). To study the effect
of catalyst type and amount on the cross-linking kinetics of an

industrial MF resin, four different commercial curing catalysts were
mixed with MF resin in different proportions and the curing kinet-
ics was quantitatively analyzed. By determining the curing enthalpy
at different heating rates, the overall conversion dependent activa-
tion energy E,(«) for the curing reaction was calculated and used to
simulate the cross-linking kinetics of the resin mixtures at specified
temperatures without any assumptions on the reaction mechanism.
Theoretical curing isotherms were calculated from various mathe-
matical approaches for model-free data analysis and the approach
best suited for kinetic analysis of MF resin cross-linking was iden-
tified by comparison to the experimental data.

2. Experimental
2.1. Chemicals

Melamine formaldehyde pre-condensate was received as a gift
from Impress Décor Austria GmbH (St. Donat, Austria). Four com-
mercial catalyst preparations were also kindly donated by Impress
Décor Austria GmbH.

2.2. Apparent curing time of catalysts

Four different industrial curing catalysts for MF resins were
tested for their individual working range in catalyzing the cure of an
industrial impregnation resin. Before use, the catalyst levels were
adjusted with distilled water to the same acid equivalents upon
titration with formaldehyde. Prior to DSC, the apparent curing time,
tca, of theresin/catalyst solutions was determined by preparing sev-
eral catalyst/resin mixtures of different concentrations in test tubes
and immersing the tubes in an oil bath at 100 °C under stirring until
curing was completed. t., was measured as the time at which the
resin turned completely white.

2.3. Differential scanning calorimetry

All thermograms were recorded using a differential scanning
calorimeter 822e DSC by Mettler Toledo (Greifensee, Switzerland).

For the dynamic DSC experiments, the four normalized catalyst
solutions were combined with industrial MF resin directly before
recording the thermogram. Each resin sample contained 0.2, 0.4, or
0.6% (w/w) of one of the catalysts. To suppress vaporization of water
and other volatiles during condensation, 2.0-3.5 mg of each resin
sample was weighed into a high-pressure, gold-coated stainless
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steel crucible (30 L) which was sealed and subjected to a tempera-
ture gradient ranging from 25 to 250 °C with five heating rates (8 =2,
5,10, 15 and 20°C min~1). The enthalpy changes were recorded and
analyzed for the peak maximum, Ty,eq, and the enthalpy integral, H,
using the STAR 8.10 software package (Mettler Toledo, Greifensee,
Switzerland). All experiments were repeated twice.

For experimental verification of the kinetic models, valida-
tion experiments were performed using isothermal DSC. Here,
2.0-3.5mg of each validation resin mixture was weighed into a
high-pressure, gold-coated stainless steel crucible (30 L) and ther-
mograms were recorded at 80, 100 and 120°C for 30 min. The
validation samples were inserted into the oven which was pre-
heated to the isothermal temperature. Thermograms were recorded
after stabilization of the oven temperature which took approxi-
mately 1 min. As an alternative method, inserting the sample in the
oven at room temperature and rapidly increasing the sample tem-
perature to the isothermal level at a heating rate of 400°Cmin~!
was tested, but not used for validation since overshooting of the
temperature during the initial phase caused slightly stronger tem-
perature exposure of the sample prior to the actual measurement
and hence a larger experimental error. In all validation experiments,
the enthalpy changes were recorded and analyzed for the peak
maximum, Tpeqy, and the enthalpy integral, H.

2.4. Analysis of thermochemical data

From the temperature integral of the thermograms, both conver-
sion, o, and the change of conversion with time, «(t)=d/dt, were
determined at a specific cure time (t). The «(t)-value was deter-
mined from dynamic runs as the ratio between the heat released
until a time t and the total heat of the reaction according to Eqs. (1)
and (2):

oft) = % )
da(t) He
k. @

with tg = time of start of curing reaction and t., = time of 100% cross-
linking.

Integration of the enthalpy curve from tj to t yielded the degree
of conversion «(t) for any time t between ty and t., as the ratio
Hy,..t/Hs wWhere Hy, is the integral of the enthalpy curve from to
to to and Hy, ... is the integral of the enthalpy curve from to to t
[14]. The differential da/dt for each time t between ty and t,, was
calculated as H¢/H, where H; is the current measured enthalpy at
time t.

Kinetic analysis according to the model-free approaches
by Friedman [16], Flynn-Wall-Ozawa [17,18] and Kissinger—
Akahira-Sunose [19,20] was performed with the computer pro-
gram Excel. For Kkinetic analysis according to the advanced
Vyazovkin method [21], the STAR software package was used.

In the following section, the theory behind model-free kinetic
approaches is shortly summarized. Starting with the basic rate
equations, the different models used in this study are introduced
and their main features are presented and compared.

3. Theory
3.1. Kinetic analysis—model dependent methods

All mathematical approaches to describe the curing kinetics of
thermosets are based on the fundamental rate equation that relates
the time dependent progression of conversion, «(t), at a constant
temperature, T, to a function of the concentration of reactants, f{a),

through a rate constant, kr,

(%), =taf@ 3

The temperature dependence of the rate constant follows the
Arrhenius relationship:

Ea
K(T) = Aexp (—ﬁ) , 4)
where A is the pre-exponential factor or Arrhenius frequency fac-
tor (s71), E; is the activation energy (Jmol~1), R is the gas constant
(8.314Jmol~' K1), and T is the absolute temperature (K) of the
sample.

To account for the temperature dependence of «, the kinetic
model is combined with the Arrhenius equation and the reaction
progress is expressed as

2 —hexp (1) (@ (5)

When the reaction mechanism is known, the reaction model f{c)
can be derived and expressed as a function of the concentrations
of the various components involved [22]. Depending on the type
of chemical reaction, numerous f{ar) have been described [23]. For
example, if the thermosetting resin cure follows nth-order kinetics
and the activation energy E, is constant and independent of ¢, the
rate of conversion is proportional to the reactant concentration and,
according to Borchardt and Daniels [24], can be expressed as:
do

—— =Aexp (—Ig—;)(]—a)" (6)

Borchardt and Daniels [24] analyzed the nth-order curing reac-
tion simply by taking the logarithm of Eq. (6) and plotting In(da/dt)
vs. T-1. The activation energy E; was determined as the slope by
linear regression (=—E, /R). However, to calculate the kinetic param-
eters multiple heating rates are required to keep the experimental
error low [25].

However, the special case of E; does not depend on « strictly
applies only for very simple or elementary reactions. With more
complicated reactions the activation energy for the overall process
contains contributions of side or consecutive reactions. Thus, in
most cases the assumption of E; being independent of « is not valid
and should better be expressed as E,(«). Furthermore, with complex
chemical reactions often the reaction model is not known or the
mechanistic assumptions may be false. In such cases, approaches
like the method suggested by Borchardt-Daniels fail. Instead the
use of model-free kinetic (MFK) methods is preferable.

3.2. Kinetic analysis—model-free kinetics methods
With all MFK approaches the basic assumption is the iso-

conversional principle [26,27]. Taking logarithm of Eq. (5) and
differentiating with respect to T-! leads to

In (%‘2‘) — In(A) - E;‘gf‘) +Inf(e) )
(de/dt)  din(A) Ea(@) . dinf(e)
dln dT-1 ~— dr-1' =~ R dr-1 ®)

In the isoconversional assumption, the terms dIn(A)/dT-! and
dInfla)/dT-1 are zero and the relation simplifies to

do/dt Ei(a)
dln T - R (9)

Since dInfla)/dT-1=0, no a priori knowledge on the reaction
mechanism is required and errors due to wrong reaction model
selection are avoided. The reaction rate da/dt at a certain con-
version « only depends on the temperature. Another important
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feature is that with MFK methods E, is determined in dependence
of conversion as E;(«). Several isoconversional methods have been
developed to find the E;(«) function. The methods can be classified
in differential methods like the Friedman method (FR) [16] and inte-
gral methods like the Flynn-Wall-Ozawa method (FWO) [17,18], the
Kissinger-Akahira-Sunose method (KAS) [19,20] or the Vyazovkin
method [21]. The Vyazovkin method is known in its original (VO)
and its advanced form (VA). The latter is obtained by mathematical
modification of VO [21,28,29].

Like the Borchardt-Daniels (BD) method [24], the Friedman (FR)
method is a differential method since they are both based on Eq.
(5) with « as variable [16]. However, whereas the BD approach
requires a reaction model f{er) and calculates only a constant activa-
tion energy E, the FR method is not limited by these assumptions.
By including the non-isothermal heating rate 8 (=dT/dt) in Eq. (5),

Po —nexp () f(a) (10)
and in its logarithmic form,

Bda Ea(@)
In <dT> =InA+Inf(a)— RT (11)

a linearized relationship is obtained from which E;(«) can be deter-
mined by linear regression after plotting In(8da/dT) vs. T~ for
different values of «. The terms In(8da/dT) and T-! at arbitrary
values for « are obtained from the «(t) diagrams for each heating
rate .

Although being more widely applicable than model dependent
approaches, the FR method suffers from some disadvantages as
described by Vyazovkin [21] and Golikeri and Luss [30]. Since
instantaneous rate values are employed, the method is numerically
unstable [21] and the individual E; obtained may differ largely from
the apparent E;(«) calculated by differential isoconversional meth-
ods [30]. To avoid these shortcomings, other methods are based on
Eq. (5) in its integral form:

[ da [ —Ea(@)\ ,
s@= [ g =1 /0 exp( < ) dt = AJ[E(0), T]  (12)

where g(«) is the integral form of the reaction model f{e), and T(t) is
the heating program. For a linear heating rate 8 =dT/dt, T(t) is linear

and in Eq. (12), dt can be substituted by dT/B
L)) ar=Zie@. 11 (13)

gla) = @) ﬂ/ B

Crucial with all integral methods is to solve the temperature
integrals, I and J, respectively. Since they have no exact analytical
solution [31], many authors have developed numerical approxima-
tions [28,32-36].

The FWO method [17,18] uses Doyle’s approximation [32]:

T —Ea(a)
In(I[Eq(a), T]) = ln/ exp a4 dr
o ( RT )

Ea(a)

= -5.331 - 1.052 %= (14)
and the integral form of Eq. (5) is expressed as
. 1.052E;(a)
In(B)=A -~ RT (15)

with A’ =In(AE;(«)/R) — Ing(a) — 5.331.

Again, the temperature integral approximation is substituted in
Eq. (13) and the activation energy E,;(«) is determined by linear
regression after plotting In(f8) vs. T-1. Again, T-! is obtained from
the o(t)-diagram for each heating rate §.

A similar approach based on the approximation of the
temperature integral suggested by Coats and Redfern [33]

was first suggested by Kissinger [19] and is known as the
Kissinger-Akahira-Sunose (KAS) method [19,20]. According to KAS,
the integral form of Eq. (5) is written as

ln(ﬁ):A’—E;(?) (16)
with

, AR
A =1In (W) ~Ing(a) (17)

Again, E, is calculated by linear regression after plotting In(8/T2)
vs. T-1. Although both the FWO and the KAS methods in many
cases lead to much better results than earlier approaches, they are
both limited by method selected for approximating the tempera-
ture integral. This may represent an illegitimate oversimplification
and needs a correction especially for smaller values of E;(«)/RT[37].
Table 1 summarizes the applied mathematical approaches for cal-
culation of the activation energy and points out the coefficients
used to determine E,.

To avoid this dependence on the numerical approximation, Vya-
zovkin developed a completely different approach to solve the
temperature integral [38]. He used the fact that for any heating rate
B, the integral form g(«) is constant. Thus, with three heating rates
B1, B2 and B3, the integrals g(a)g, = g(a)g, = g(a)g, or

A A A
EI[Ea(OI), Tl = EllEa(Ot), Tl = El[Ea(a), Tl3 (18)

Consequently, A can be truncated and six equations can be for-
mulated

=1 and Ei(a) ;EZ =1 19
which can be summarized as
ZZ;{iz(z; ngx —6forn=3 (20)

With the VO method, E;(«) is determined by iteration and min-
imizing Eq. (20). For example, in the case of an experiment with
three heating rates the minimum ideally approaches six with devi-
ations caused by an inherent experimental error. In contrast to FWO
and KAS, the VO method enables free selection of both the temper-
ature integral approximation as well as of the integration limits.
Since FWO, KAS and VO all use the regular integration from 0 to
T, single values for E, are “averaged” over the region 0-¢, and the
function E,(«) displays an undesired flattening [29]. To avoid this
systematic error, Vyazovkin later replaced the regular integration
by integration over small time segments [21]:

f Eai(a)
JIEa( ),T]=/ - dt (21)
o [DliAaexp( RT )

The value for Aa=0.1 was used for the calculations. It was
based on nine equidistant intervals m and derived from the for-
mula Aa=(m+1)"1. By choosing smaller intervals in A, e.g. by
choosing more equidistant intervals the error in estimating the acti-
vation energy would be further reduced by averaging the integral
over smaller areas which is of advantage in reactions where strong
variations of the activation energy are observed [21]. In the present
case, the variations in E;(«) were generally not very high and the
choice of Aa was not critical.
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Table 1

Derivation of the activation energy E,(«) for the isoconversional (model-free) methods FR, FWO, KAS, VO, and VA, and the derivation of constant E, and A from one model

fitting approximation of Coats and Redfern (CR) to estimate A for an E,.

Method Function, one for each « Approach y X k A
FR In(Bda/dT)= —E,(a)/RT+(InA +Inflar)) y=kx+A? In(Bdw/dT) 1/T  —Ei(a)/R InA+Infla)
FWO In(B)=-1.052E,(«)/RT+(In(AEa/R) — Ing(r) — 5.331) y=kx+A? In(B) 1/T —1.052E,()/R In(AE;(«)/R) — Ing(a) — 5.331
KAS ln(,B/T2 =—E,(a)/RT+(In(AR/Ea(e)) — Ing()) y=kx+A? In(B/T?) 1T —Ei()/R In(AR/Ea(«)) — Ing(a)
VO ZZ o) Tl ﬂ]/;f —min with I[Ex(@), T] = j; exp (2) dT  E()-min® - - - -
i= 1 J ;&1
VA ZZ;{EZW ;}. =min  with JIEy(@), T] = | r‘iM exp (G2) dt  E(e)=min® - _ _ _
CR ln(g(o]c)/TZ)— —E,/RT+In(AR/BE,) y=kx+A¢ In(g(w)/T?) 1/T  —EiJR In(AR/BE.)

2 Calculation of E,(«) is based on the linear regression of y and x to obtain slope k including E,(«). Calculation of A from complex A’ is not possible.
b Calculation of E;(a) is based on the numerical minimization of function to get current the value of E,(«) at the found minimum (no calculation of A is performed).
¢ Calculation of E, is based on the linear regression of y and x to get slope k including constant E, and intercept A’ including constant A. From each heating rate § one curve

«(t) is obtained. In this case, a reaction model is required.

The reaction time t,, when the curing has progressed to a degree
of conversion « is calculated by
[ exp(~Ea(e)/RT) dT

Bexp(—Ea(a)/RTo)

Using Eq. (22), the «(t)-diagrams for an arbitrary isothermal
temperature Ty can be calculated [39].

(22)

o =

4. Results and discussion
4.1. Thermochemical analysis

The curing kinetics of an industrial melamine-formaldehyde
resin containing four different types of commercial curing catalysts
at three concentration levels was studied using dynamic DSC. The
conversion-time diagrams «(t) were determined from measure-
ments at five heating rates, 8=2, 5, 10, 15 and 20°Cmin~! and used
as the raw data for isoconversional kinetic analysis. Fig. 2 shows
typical thermograms for the curing of a mixture of MF resin with
0.4% catalyst A with a linear increase in temperature at the various
heating rates S.

The initial increase in exothermal enthalpy at time tg indicates
the start of the resin cross-linking and corresponds to a conversion
of «=0. After reaching a maximum, the enthalpy decreases until
curing is completed at time ¢, at a conversion of o =1.

Table 2 summarizes the thermochemical parameters obtained
from the DSC experiments for the various resin/catalyst mixtures

Heat flow] : Exol
ho 1

114
Wg~1).

40 80 80 100 120 140 160 180 200 220 240°C
Temperature in °C

Fig. 2. DSC thermograms of MF resin containing 0.4% of resin curing catalyst A at
different heating rates. (a) 2°Cmin~1, (b)5°Cmin~',(c) 10°Cmin~", (d) 15°Cmin~1,
and (e) 20°Cmin~.

at a heating rate of 8=10°Cmin~!. In addition to DSC analysis, cur-
ing experiments with the catalyst were performed in test tubes
according to the standard procedure used in the industry and the
apparent curing times t.4 are also given in Table 2. For all individ-
ual systems, t., decreased as the catalyst concentration increased.
Addition of higher amounts of catalyst led to a lower initial pH
in the impregnation solution. t;q as well as T, and T, decreased
with a decrease in initial pH of the resin formulation. The total
normalized enthalpies were all of the same order of magnitude
around 60]Jg~! and independent of the amount of catalyst used.
With increasing levels of catalyst, however, the T,- and T,-values
significantly shifted to lower temperatures. The results shown in
Table 2 illustrate that the rate of curing is accelerated with an
increase in catalyst concentration. Although the t.4 already gives
a preliminary indication of the reactivity of the used catalyst sys-
tem, no quantitative prediction on the required pressing conditions
(reaction time and temperature, conversion) can be deduced from
these data. For this a more detailed analysis of the DSC data is
required.

From the exothermic DSC data, the temperature dependent
degree of conversion «(t) was derived. In Fig. 3, the degree of
conversion «(t) is plotted against the temperature for the five heat-
ing rates B. The data from the conversion curves were used as
basis for the kinetic analysis with different isoconversional meth-
ods.

Table 2

Average enthalpy integral (H), peak temperature (T,) and peak onset temperature
(T,) obtained from the DSC thermograph of MF resin containing different concen-
trations (C) of different curing catalysts. The pH and apparent curing time (t.q) of
the resin mixtures is also given.

Catalyst C (%, wlw) H*(Jg™") T, (°C) To? (°C) pH teq (Min)
A 0.2 57.18 120 105 7.72 4.54
0.4 58.24 113 98 7.44 3.07
0.6 59.33 110 95 7.20 2.21
B 0.2 64.87 122 105 7.66 4.52
0.4 60.50 112 97 7.42 241
0.6 63.67 108 92 7.24 2.00
C 0.3 60.22 123 106 7.78 5.07
0.5 58.01 117 100 7.61 3.27
0.7 62.03 115 98 7.51 241
D 0.3 62.38 126 108 7.69 541
0.5 59.21 117 100 7.47 3.18
0.7 44.63 114 97 7.33 2.27

2 Measured at a heating rate 8 of 10°Cmin~!.
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Table 3
Kinetic parameters E, (o) in k] mol~! and A’ (=In((A x Ea(@))/(R x g(a)) — 5.331)) for catalysts A and C at 0.4 and at 0.6% derived from Flynn-Wall-Ozawa (FWO) isoconversional
method.

o (%) A, 0.4% A, 0.6% C,0.4% C,0.6%

A E, (kJmol-1) R? A E, (kJmol-1) R? A E, (kJmol-1) R? A E, (kJ mol-1) R?
10 29.66 80.13 0.997 28.43 75.75 0.993 25.81 68.68 0.985 27.27 71.74 0.991
20 29.27 80.38 0.998 28.05 76.03 0.995 25.71 69.65 0.988 26.76 71.6/ 0.992
30 29.03 80.61 0.998 27.76 76.08 0.995 25.61 70.19 0.988 26.47 71.72 0.993
40 28.81 80.65 0.998 27.49 75.93 0.995 25.40 70.21 0.988 26.17 71.49 0.993
50 28.53 80.43 0.998 27.18 75.60 0.995 25.18 70.10 0.987 2591 71.29 0.993
60 28.36 80.53 0.998 26.97 75.54 0.995 25.01 70.11 0.985 25.75 71.38 0.993
70 28.24 80.84 0.997 26.76 75.55 0.994 24.81 70.20 0.983 25.63 71.62 0.993
80 28.15 81.35 0.997 26.56 75.68 0.994 24.68 70.36 0.980 25.54 72.07 0.993
90 28.03 82.11 0.996 26.30 75.90 0.993 24.50 70.76 0.976 25.53 73.08 0.993
98 28.20 84.58 0.987 26.27 77.54 0.987 24.51 7248 0.963 26.14 77.02 0.993
Table 4
Kinetic parameters E,(c) in k] mol~! and A’ (=In(A x flae))) for catalysts A and C at 0.4 and at 0.6% derived from Friedman (FR) isoconversional method.
o (%) A, 0.4% A, 0.6% C,0.4% C, 0.6%

A E, (Kjmol-1) R? A E, (Kfmol-1) R? A E, (kjmol-1) R? A E, (kjmol-1) R?
10 2347 79.00 0.998 22.19 74.36 0.998 20.13 68.70 0.986 20.53 68.88 0.990
20 23.46 78.72 0.998 22.18 74.05 0.998 20.72 68.90 0.984 20.77 69.31 0.992
30 24.01 80.40 0.998 22.24 74.18 0.998 20.31 70.01 0.983 21.02 69.95 0.994
40 22.75 76.40 0.997 21.33 71.26 0.997 19.76 66.86 0.978 20.15 67.13 0.992
50 23.18 78.27 0.996 21.44 72.05 0.996 19.89 67.63 0.972 20.49 68.62 0.991
60 23.25 79.28 0.996 21.50 72.96 0.996 19.92 68.36 0.969 20.65 69.77 0.991
70 23.35 80.69 0.994 21.42 73.71 0.994 19.66 68.46 0.964 20.66 70.80 0.991
80 23.09 81.45 0.992 21.06 74.01 0.992 19.40 69.06 0.961 20.50 71.80 0.992
90 22.50 82.20 0.986 20.42 74.44 0.986 19.04 70.46 0.948 20.52 74.68 0.991
98 20.15 78.38 0.984 18.21 70.90 0.984 16.48 65.65 0.952 18.02 70.16 0.990

4.2. Calculation of activation energy Eq(c)

In the first step, a suitable mathematical approach for the model-
free kinetic analysis of the curing of the different MF/catalyst
systems was selected based on the comparison of four isocon-
versional methods. The isoconversional method that fitted best
the experimental data obtained from isothermal measurements
was further used to discuss some effects of the different catalyst
types and amounts (Section 4.3). From Fig. 3, for each B, corre-
sponding pairs of values for T and « were extracted to plot In(f),
In(Bda/dT), or In(B/T2) vs. T-! to determine the activation energy

Ea(o) and the pre-exponential factor A’ using the FWO, FR and KAS
isoconversional methods (see Table 1). E;, A, and the correspond-
ing correlation coefficient R? that were calculated with the FWO, FR,
and KAS methods are given in Tables 3-5. In Table 6, the activation
energy E;(«) calculated with the advanced form of the Vyazovkin
model is depicted for different degrees of conversion «.

Although kinetic analysis was performed with the total set
of data, only four selected resin/catalyst mixtures are shown for
illustration in the tables. The selected runs were at low and high
concentration levels of catalyst A and C since these two catalyst
systems showed the largest differences in curing behaviour. Fig. 4
illustrates the conversion-dependent activation energy, E,(«), for
the low level of catalyst A to highlight the differences between the

%
models. For better visibility, representative error bars are only indi-
100 et
-~ - "
s 90
80+ 7’
.-'-‘ 85 -
! ; K —
’1 ’f '-: i_l 3
601 (b)) (e) /(d). (e); E 804
] 3 . -
i F s
1'! s 754
401 @
/ & 70
; =
/ 5
201 / 2 651
K Z
<
60 1
04
55 T T T T T T T T T

60 70 80 90 100 110 120 130 140 150 160 170~
Fig. 3. Temperature dependence of the degree of conversion «(t) of an MF resin
containing 0.4% curing catalyst A at different heating rates during recording of
the thermogram (T—temperature in DSC vessel). (a) 2°Cmin~!, (b) 5°Cmin~’, (c)
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Fig. 4. Activation energy E, in k] mol~! for catalyst A at 0.4%, estimated by four dif-

ferent isoconversional methods: Friedman (FR, O), Kissinger-Akahira-Sunose (KAS,
¢), advanced Vyazovkin (VA, A); Flynn-Wall-Ozawa (FWO, O).
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Table 5
Kinetic parameters E;(«) in kJ mol~! and A’ (=In((A x R)/(Ea(c) x g(e)))) for catalysts A and C at 0.4 and at 0.6% derived from Kissinger-Akahira-Sunose (KAS) isoconversional
method.
o (%) A, 0.4% A, 0.6% C,0.4% C, 0.6%

A E, (k] mol-1) R? A E, (kJmol-1) R? A E, (kJmol-1) R? A E, (kJmol-1) R?
10 15.86 78.22 0.996 14.65 73.67 0.992 12.02 66.20 0.982 13.51 69.53 0.989
20 15.43 78.38 0.997 14.24 73.86 0.993 11.88 67.11 0.985 12.96 69.33 0.990
30 15.17 78.55 0.997 13.92 73.84 0.994 11.75 67.61 0.986 12.65 69.31 0.991
40 14.93 78.53 0.997 13.63 73.63 0.994 11.53 67.58 0.985 12.33 69.01 0.992
50 14.64 78.26 0.997 13.31 73.23 0.994 11.30 67.41 0.984 12.06 68.76 0.992
60 14.46 78.31 0.997 13.08 73.12 0.994 11.11 67.38 0.982 11.88 68.80 0.991
70 14.32 78.58 0.997 12.83 73.08 0.993 10.93 67.41 0.980 11.74 69.00 0.991
80 14.20 79.06 0.996 12.63 73.15 0.992 10.74 67.52 0.976 11.63 69.41 0.991
90 14.06 79.77 0.995 12.31 73.28 0.991 10.54 67.85 0.971 11.59 70.38 0.992
98 14.18 82.21 0.984 12.27 74.86 0.985 10.50 69.49 0.955 12.15 74.36 0.991

cated for the dataset calculated with the KAS method to give an
indication of the overall error.

Considering the error introduced by the calculation method and
the experiment [25], with all methods practically the same constant
E, values was obtained which depended only slightly on « which
is visible in a small increase toward the end of the reaction. Only
with FR, E;() finally decreased again significantly when curing was
nearly completed. With FWO, E;(«) increased only slightly until a
conversion of o > 80% was reached and increased very strongly with
o >90%. With KAS, generally slightly lower values for E (o) were
obtained than with FWO. Again, E;(«) slightly increased at o <90%
and a steeper increase was obtained with « > 90%. With all methods,
aslight decrease in E; (o) was calculated around o ~40%, FR and VA
leading to a more significant decrease in E,(«) between 30 and 50%
conversion than the other methods. In most cases, the correlation
coefficients (R?) were between 0.98 and 1.00. Although experimen-
tal error masks the effect, the kink in the course of E; (o) corresponds
to the observation that resins cured in test tubes started to form
agglomerates when they had reached a theoretical conversion of ca.
40% which caused turbidity to the dispersion due to the lower water
tolerance of the curing resin. Hence the characteristic shape of the
activation energy curve could possibly be attributed to a phase
transition that takes place when insoluble gels are formed and the
minimum in E;(e) could mark the transition to solidification of the
resin.

4.3. Calculation of «(t) and MFK evaluation

The activation energy was used to calculate theoretical isother-
mal profiles of the degree of conversion, «(t), during the curing.
These isotherms were compared to experimental isothermal cur-
ing profiles obtained from isothermal DSC measurements at various
temperatures. The models were evaluated for best fit with the
experimental data. In Fig. 5a-c, plots of «(t) calculated from the vari-
ous models vs. reaction time t for three temperatures, 80 °C (Fig. 5a),
100°C (Fig. 5b) and 120°C (Fig. 5c) are depicted. The experimen-
tal curves are given for comparison. No mathematical method was
able to predict the experimental data perfectly. With «(t) < 40% the
reaction profiles appeared very similar with all four models and all
mathematical approaches fitted the experimental data quite well.
With higher degrees of conversion the models deviated more signif-
icantly, the FR method giving the worst fit. The FR isoconversional
method is different from the KAS and the FWO methods. While in
KAS and FWO the conversion is directly related to T-!, in FR for a
given temperature the reaction rates (r = da/dt) at different degrees
of cross-linking are obtained from dynamic DSC measurements.
The model suitability varied with the temperature chosen for the
isothermal runs. The best agreement of the calculated values with
the experimental data was obtained with the run at 80°C. While
with 100°C, the FWO method fitted the experimental data best,

with the 120 °C the KAS and VA methods approximated the real data
better and equally well. The FR method was in both cases the worst
approximation. For all three temperatures the VA method was rea-
sonably close to the experimental curve. Thus, the VA approach was
assumed to be the most robust method with respect to temperature
and was chosen to more closely investigate the influence of varia-
tions in curing catalyst type and amount at another temperature.

Although it is possible to determine kinetic parameters from
isothermal DSC data this approach is not preferable for MF resins
since reaction rates and enthalpy changes during MF cure are rather
low and difficult to analyze accurately [40]. For the exact determina-
tion of the curing behaviour the use of pressurized crucibles made
of stainless steel is required to suppress interfering signals from
water and/or solvent evaporation. In such pressurized vessels the
suboptimal thermal conductivity leads to a reduced sensitivity of
the measurement. This is more of a problem with isothermal than
with dynamic measurements, hence sensitivity with dynamic DSC
is much better.

Moreover, with isothermal DSC measurements, the time depen-
dence of « is determined directly for a defined temperature and
hence is valid only for this chosen temperature. Thus, to deter-
mine the temperature dependence of ¢, numerous isothermal
experiments at different temperatures are required. With dynamic
experiments, isotherms are not determined directly. Kinetic anal-
ysis is based on dynamic measurements at different heating rates
which allow the calculation of « as a function of temperature, o(T),
based on only a few, typically three or five experiments [41].

The curing of MF has earlier been investigated on the basis of
dynamic DSC measurements [40]. To analyze their thermograms,
the authors used the ASTM E 698 method [42], which is basically
founded on the Borchardt-Daniels approach described earlier (see
Section 3, [24]). Based on an arbitrarily selected reaction model the
corresponding activation energy and pre-exponential factor were
determined, that were assumed to describe the MF system ade-

Table 6
Kinetic parameter E,(«) in k] mol~! for catalysts A and C at 0.4 and at 0.6% derived
from the advanced Vyazovkin (VA) isoconversional method.

o (%) Ey(a) (K mol 1)

A C

0.4% 0.6% 0.4% 0.6%
10 74.19 73.94 68.18 68.69
20 73.1 73.03 67.89 68.3
30 73.56 73.05 68.7 68.73
40 68.61 69.05 64.95 65.21
50 69.06 69.76 65.43 66.46
60 69.43 70.34 65.75 67.32
70 69.99 71.1 66.29 68.39
80 7038 71.93 67.24 69.77
90 71.46 73.18 69.27 73.59
98 81.35 81.86 75.18 84.48
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Fig. 5. (a) Conversion « in % over time for catalyst A at 0.4% and isothermal at 80 °C.
Comparison of the isothermal experiment (—) with curves calculated with four dif-
ferent isoconversional methods: Friedman (FR, O), Kissinger-Akahira-Sunose (KAS,
¢), advanced Vyazovkin (VA, A); Flynn-Wall-Ozawa (FWO, O). (b) Conversion «
in % over time for catalyst A at 0.4% and isothermal at 100°C. Comparison of the
isothermal experiment (—) with curves calculated with four different isoconver-
sional methods: Friedman (FR, O), Kissinger-Akahira-Sunose (KAS, ¢), advanced
Vyazovkin (VA, A); Flynn-Wall-Ozawa (FWO, ). (¢) Conversion « in % over time
for catalyst A at 0.4% and isothermal at 120 °C. Comparison of the isothermal exper-
iment (—) with curves calculated with four different isoconversional methods:
Friedman (FR, O), Kissinger-Akahira-Sunose (KAS, ¢), advanced Vyazovkin (VA, A);
Flynn-Wall-Ozawa (FWO, O).

quately throughout the curing reaction. The authors found that
the assumed first order reaction kinetic model was not valid and
thus they modified the reaction model underlying the ASTM E 698
algorithm until the calculated parameters fitted the experimental
results satisfactorily [42]. Since with this approach for each dif-
ferent MF resin mixture a different setting in model equations is
required, the method cannot be regarded as generally applicable
and is thus of only limited use. Another shortcoming of the recent
approach is the assumption of constant E,. In the present study
it was illustrated by any of the tested isoconversional approaches
that E, slightly changes during the curing reaction and that thus
MF resin curing must be regarded as a “multi-step” process [11]. In
such a multi-step process the concept of constant E; does not lead
to accurate predictive models [23]. Instead, isoconversional kinetics
is preferable.

Alonso et al. [14] have verified the validity of the isocon-
versional principal for two types of formaldehyde based resins,
a lignin-formaldehyde and phenol-formaldehyde resin, by mea-
suring the gel-time at different temperatures. They found that
although the degree of conversion « was different for the two
resins, it was not dependent on the curing temperature and hence
the isoconversional principle was valid. Since aminoplastic resins
follow an analogous addition—condensation mechanism like phe-
nolic resins during cross-linking, the isoconversional principle was
assumed to be valid for the melamine-formaldehyde resin studied
in the present study as well.

Besides performing isothermal experiments to validate the
modelling power of the isoconversional kinetic approaches, in a
related study the thermochemical parameters were related to the
technological properties of products manufactured therefrom [43].
For this, the conversion-dependent activation energy for the MF
curing as calculated by the VA method was used to calculate
isotherms which in turn were employed in combination with a
technological data set to describe the influence of some process-
ing parameters on the surface properties of the laminated boards.
By using MFK derived isotherms as the basis and conversion as a
variable in a response surface model, it was possible to predict the
gloss, the cleanability and to a lesser degree the chemical resis-
tance of laminate surfaces. The results are described in detail in [43]
and illustrate the usefulness of isoconversional analysis in solving
engineering problems.

4.4. Comparison of different catalysts

Fig. 6 shows the conversion dependent activation energy
Ea(a) for different curing catalysts and different catalyst levels
as calculated with the advanced Vyazovkin approach. In Fig. 7,
the corresponding isothermal time profiles of « are shown for
150°C.

Although the two different catalysts yield different values for
E,, the overall shape of E;(«) is the same and is similar to the shape
obtained for MF curing without any addition of catalyst. Up to con-
versions of 40%, the catalyst amounts seem to have no impact on the
activation energy. E;(«) for the high and the low catalyst levels are
indistinguishable from each other. Interestingly, in both cases with
the higher catalyst levels larger values for E;(«) are obtained. This
illustrates that the calculated values for E;(«) may not be the only
relevant entities to explain the effect of catalyst concentration. An
increase in catalyst concentration may have no effect on E; because
saturation may have been reached at 0.4%. Also, an increase in cat-
alyst concentration not necessarily needs to lead to a decrease of
activation energy when the catalyst acts by increasing the efficiency
of molecular interactions which would be visible in A or fla). Above
all, the differences in the calculated values for E;(«) are statistically
of little significance since it is known that the confidence interval
for E;(«) calculated with the VA method is 10-20% [44]. This ren-
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Fig. 6. The activation energy E,(«) as calculated with the advanced Vyazovkin
method (VA) for MF resin samples containing catalyst A at 0.4 wt% (®) and at 0.6%
(O) and containing catalyst C at 0.4 wt% (a), at 0.6% (A), and without catalyst (O).

ders mechanistic discussions difficult in the present case although
Ea(w) is adequate for the practical purpose of predicting isothermal
kinetics (see Fig. 7, [14,23,45,46]).

From the DSC-MFK analysis, the time required for 90% con-
version at a certain temperature can be calculated for each of the
resin/catalyst mixtures. In Table 7, these values are summarized for
two catalyst systems for a temperature interval from 40 to 180°C.
Although in the present study, the course of the isotherms is only
shown up to a conversion of 90%, this does not mean that the models
would not be applicable to produce values also for a higher degree
of conversion. However, with values close to 100% all models signif-
icantly start to be more erroneous due to effects during curing such
as diffusional limitation. As for a specific technological application
such as the impregnation of decorative papers and subsequent lam-
inate formation, curing degrees of higher than 90% are typically not
reached by the resin in the impregnated paper prior to the press-
ing since the papers must remain self-gluing. Even upon pressing
to the laminate, the resins are practically never fully cured during
the lamination in the hot press in the thermochemical sense which
can be seen in the variations in dimensional stability behaviour of
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Fig. 7. The conversion « (%) vs. time, t (min), as calculated with the advanced Vya-

zovkin method (VA) for MF resin samples containing catalyst A at 0.4 wt% (B) and
at 0.6% (0J) and containing catalyst C at 0.4 wt% (a) and at 0.6% (A) for 150°C.

Table 7
Time required for 90% conversion for catalysts Aand Cat 0.4 and at 0.6% derived from
the advanced Vyazovkin (VA) isoconversional method at various temperatures.

T(°C) too® (min)
A C
0.4% 0.6% 0.4% 0.6%
40 820.69 693.40 592.29 511.94
50 352.16 295.11 267.04 224.58
60 159.05 132.24 126.37 103.58
70 7527 62.11 62.50 50.00
80 37.17 30.45 32.19 25.16
90 19.09 15.53 17.21 13.16
100 10.16 8.22 9.52 7.13
110 5.59 4.49 5.43 3.99
120 3.17 253 3.19 2.30
130 1.85 1.47 1.93 1.36
140 1.1 0.88 1.19 0.83
150 0.68 0.54 0.76 0.51
160 0.43 0.33 0.49 0.33
170 0.27 0.21 032 0.21
180 0.18 0.14 0.22 0.14

2 tgg: time required for 90% conversion at a specified temperature.

the coated particleboards caused by post-curing induced shrinking
processes [5].

From Table 7 it is seen that the two different catalyst systems
display different temperature response in their catalytic behaviour.
While at high catalyst levels, catalyst C always causes faster curing
than catalyst A, at low catalyst levels this is only true for tem-
peratures up to 110°C. At higher temperatures, catalyst A is more
effective than C. This technologically important behaviour can be
attributed to the different de-blocking characteristics of different
MF catalysts, meaning that the catalytically active acidic component
in the catalyst is liberated upon temperature dependent dissocia-
tion and evaporation of a blocking component. Hence, by applying
DSC-MFK it is possible to detect and characterize the de-blocking
behaviour of different catalysts for MF curing.

5. Conclusion

The curing of an MF impregnation resin containing different
types and amounts of curing catalysts was studied by dynamic DSC.
Based on the experimental data, conversion «(t) as a function of
time and the conversion dependent activation energy E,(«) were
calculated using the mathematical approaches for kinetic anal-
ysis by Friedman, Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose
and Vyazovkin. By comparison with isothermal DSC experiments
at selected temperatures, the different approaches were evaluated
for their accuracy in predicting the curing behaviour in a tem-
perature range relevant for the thermofusing step in laminates
production. It was found that the advanced Vyazovkin method was
superior to the other methods. The presented results illustrate that
model-free isoconversional methods for kinetic analysis of thermo-
chemical data can be applied to the investigation and optimization
of melamine-formaldehyde resins.
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