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Abstract

One of the drawbacks of phenol-formaldehyde (PF) resol resin is its slow cure which requires longer hot-pressing time for the manu-
facture of wood composite products, especially for thick fibreboard products. In this study, PF resol resin was modified with three carbonates
(i.e. propylene carbonate, sodium carbonate and potassium carbonate) to accelerate the cure of the resin for the manufacture of medium
density fibreboard. The thermal behaviour of carbonate-modified PF resol resins was characterized with differential scanning calorimetry
(d.s.c.) using three different thermal scanning methods (single-heating rate, multi-heating rate and isothermal method). The results of the
single-heating rate method were not consistent when compared to the other two methods. The rate constants were calculated with the
activation energy and pre-exponential factor obtained by the multi-heating method. The calculated rate constant increased with increasing
carbonate level and the temperature selected. The isothermal method revealed that the curing of propylene carbonate-modified resins follows
autocatalytic kinetics while the other two additives showdorder kinetics with a partial autocatalytic effe€t1999 Elsevier Science Ltd.

All rights reserved.
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1. Introduction ammonia, amines, and amides [1]. Faster curing PF pheno-
lic resins may also be prepared by metallic ion catalysis
Phenol-formaldehyde (PF) resin is currently used as anwhich increases the proportion of the free higher-reactive
adhesive for the manufacture of wood-based composite parapositions available for the reaction during curing of the
panels such as plywood, oriented strand board (OSB), andresin. Most bivalent metal ions accelerate phenol—
fibreboard. Productivity for the manufacture of these panels formaldehyde reaction. The extent of acceleration depends
depends on their main production steps such as drying, resi-on the type and amount of metal ion present. For example,
nation, and hot-pressing. Among these processes, theGrenier-Loustalot et al. [2] reported a positive relationship
through-put of the hot-press critically influences the cost between the characteristics of the catalyst (size and valence
efficiency of the whole process. Hot pressing is the most of cation) and the reaction rate. In other words, the greater
costly unit operation. Therefore, a reduced pressing time hasthe radius of hydrated cation, the faster the disappearance of
a strong influence on both the reduction of unit costs and formaldehyde in the reaction.
productivity for panel production. In order to improve the curing rate of PF resin, Daisy and
One of the main drawbacks that have prevented wider useLeeper [3] modified the sodium hydroxide addition step by
of PF resins in the manufacture of wood composite panels isreplacing up to 50% by weight with potassium hydroxide.
its relatively slow cure rate. There have been many attemptsThey found that comparable and, in many cases, superior
to cure PF resins faster, including using different catalysts, strandboard and plywood could be made using potassium-
additives, or modified resin formulations. The cure speed of modified PF resol resins when compared to conventional
PF resins can be accelerated using various catalysts such asesin formulation.
Duval et al. [4] studied many catalysts, or additives such
- as hydrochloric acid, ammonia, sodium, lithium, barium,
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2 Current address: Tembec Inc., North Bay, Ont. P1B 2T8, Canada. MW distribution of PF resins. They did not indicate,
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however, whether various catalysts accelerated the resind.s.c. peak temperature with the initial NaOH-phenol mole
cure or not. Steiner [5] compared the effectiveness of ratio.
Ca(OH), with that of NaOH as a catalyst. The author D.s.c. has also been used to monitor the curing process of
found that the latter was a more effective catalyst for the PF resin under different temperatures and humidities [12].
PF resin system. They found that the degree of resin cure increased with
The cure acceleration of very alkaline PF resins for foun- increasing pre-cure temperature and time. The results also
dry core binders was pioneered in the early 1970s [6]. In this showed that the rate of cure increased with increased pre-
application, the addition of a considerable amount of an cure humidity, while the rate of cure decreased with an
ester such as propylene carbonate, methyl formate, and glyincrease in the initial moisture content of samples. They
cerol triacetate in liquidd-set) or a gaseous fornB-{set) concluded that moisture within a sample can either advance
were found to accelerate resin curing. A possible mechan- or retard the resin cure. Moisture, on one hand, acts as a
ism for PF cure acceleration has been proposed [7,8]. Theplasticizer to promote resin reactivity via molecular
proposed mechanism is based on the carbanion behaviour ofmobility, on the other hand, moisture may dilute the reactive
aromatic nuclei of phenate ions. In other words, the ester, orcomponents of a resin, retarding the overall cure rate. Using
residue of its decomposition, attacks the negatively chargedboth dynamic mechanical analysis (DMA) and d.s.c.,
phenolic nuclei in a polycondensation, resulting in higher Christiansen et al. [13] defined both the d.s.c. exothermic
functionality (greater than 3) in addition to reactive methy- area as the rate of ‘chemical cure’ and the area undef tan
lol groups. This could lead to much earlier gelling of PF curves during DMA scans as the rate of ‘mechanical cure’.
resin. They found that the ‘chemical cure’ obtained from d.s.c.
Using ester-modified PF resol resin, Pizzi and Stephanouruns was much slower than that of the ‘mechanical cure’.
[8] reported that the press time could be reduced to 2.5 min  In summary, d.s.c. has been used extensively to charac-
in making particleboard (12 mm thick). The internal bond terize the cure process of PF resins. However, limited results
strength was found to exceed the standard for exterior-gradeare available for the d.s.c. analysis of the cure acceleration
board. Furthermore, they concluded that the preferred esterof PF resins although there are various approaches to cure
was glycerol triacetate which provided fast curing and a PF resins faster. Most of the results are related to the eluci-
long pot-life for the adhesive. dation of cure acceleration mechanisms and measurement of
Differential scanning calorimetry (d.s.c.) has been used to gel time. This present study was designed to characterize
analyse the cure process for thermosetting polymer systemsthermal behaviour of cure-accelerated PF resins using some
D.s.c. is a powerful tool because it not only isolates the additives. In order to achieve this objective, d.s.c. was cho-
temperature-dependent behaviour for a given chemical pro-sen to follow the thermal behaviour of cure-accelerated PF
cess, but it also allows quantitative measurement of the heatresins.
associated with the process. The kinetic parameters for the
curing reaction of PF resins were determined by Sebenik
et al. [9]. They identified two dominant reactions; substitu- 2. Theory of d.s.c.
tion and condensation reactions. For these reactions, the
activation energiesH) were 99.2—-80.8 and 95.8-79.9 kJ/ D.s.c. has been used extensively for the study of physical
mol, and the reaction orders)(were 2 and 1, respectively. transformations and chemical reactions of materials. The
They also reported a decreased activation energy withbasic assumption for the application of d.s.c. to the cure
increasing NaOH/phenol mole ratio. of thermoset polymers is that the measured heat fldw (d
Comparing novolak with resol resins, Chow et al. [10] dt) is proportional to the reaction ratedfit). The total heat
reported interesting d.s.c. results showing an endothermicdetected during a reaction is identical to the heat evolved by
peak for a resol reaction and an exothermic peak for athe curing reaction. This assumes that no other enthalpic
novolak reaction. Their results provided an explanation events occur, such as the evaporation of solvent or volatile
about the nature of inconsistencies between exothermic orcomponents, enthalpy relaxation, or significant changes in
endothermic reactions for different types of resins (i.e., resol heat capacity with conversion. In practice, it has proven to
or novolak), and the state of resins (liquid or solid). be a good assumption.
Christiansen [11] used d.s.c. to determine relationships
between formulation parameters and physical properties ode/ dt o do/dt 1)

PF resol, and found two exothermic peaks. The first peak All kinetic models start with the basic rate equation that
was attributed to the addition of free formaldehyde to relates the rate of conversion at constant temperature, d

phenolic rings while the second peak was assumed due togt, to a function of the concentration of reactani&y),
the condensation reaction of methylolated phenols. The through a rate constark,

second peak occurred at a higher temperature when a Iowd It — ki 5
formaldehyde—phenol mole ratio and a high total NaOH— ~*"" () (2)
phenol mole ratio were used for the resin synthesis. whereq is the chemical conversion, or extent of reactikn,
However, they did not find discernible correlation for the is the rate constant, ariilx) is assumed to be independent of
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temperature. In general, thermoset curing can be divided The heating rate is defined 8s= dT/dt. Eq. (8) becomes
into several model categories. Two typical models of them dev/dt = B(de/dT) 9)
arenth-order and autocatalytic reaction.

For thermosets that followth-order kinetics, the rate of A combination of Eq. (7) and Eq. (9) leads to

conversion is proportional to the concentration of unreacted gq, do _ERT
material (reactant concentration), expressed as; ot B ﬁzf(o‘)z ¢ (10)
do/dt =k(1 - )" 3) Rearranging Eq. (10) in terms of two variables gives:

wheren is the reaction order. In the usual manner, the tem- da Z _ gy
; c ——=—e dT (11)
perature dependence is assumed to reside in the rate conf(x) ~ g

stant through an Arrhenius relationship given b . . . -
g Pg y Integration of this equation from an initial temperatufeg,

k(T) =Z exp(— E/RT) (4) corresponding to a degree of conversian, to the peak

whereZ is pre-exponential factor or Arrhenius frequency temperatureT,, wherea = oy, gives

factor (1/s),E the activation energy (J/molR the gas con-  «, T,

stant (8.314 J/mol-K) andl the absolute temperatur&)( da Z J —erT 4 - ZE

Combining Eg. (3) and Eq. (4) gives the complete rate fla)” B ] © dr = BR P(E/RT) (12)
Qo 0

equation fomth-order reactions;
da/dt = Z ext( — E/RTV(1 — a)" 5 wherec, represents the conversion or degree of cure at the
“ _ X RIS . ®) exothermic peak, anglthe heating rate, amu{E/RT) the P-

In this study, we are concerned with three methods of function defined by Doyle [18]. It is assumed tiatE and
measuring the cure rate of thermoset resins; the single heatf(«) are independent of temperatureTlfis low, it may be

ing rate method (Borchardt-Daniels), the multi-heating rates reasonably assumed thag = 0. Values forp(E/RT) were
method [14,15], and the isothermal method. The Borchardt- tabulated by Doyle. For 28 E/RT < 60:

Daniels method is based on a single-heating rate run to _

analyse a curing reaction assumimgh-order kinetics log p(E/RT) = — 2.315— 0.04567&/RT, (13)
expressed by Eq. (6). Taking logarithms of Eq. (5) gives: For thermoset curing, the extent of the reaction at the
In(da/dt) = In Z — E/RT + nin(1 — ) (6) exothermic peake, is constant and independent of the

. o ) heating rate [19]. Therefore, the first integral in Eq. (12) is
Eqg. (6) can be solved with a multiple linear regression,&nd 5 constant, which leads to

andE can be obtained from the intercept and slope of the

regression line. This method is attractive because it providesIog B =log p(E/RT) +log(ZE/R) — log F () (14)

a great deal of information potentially contained in a single where

temperature-programmed experiment. However, it is not o

consistently reliable when used to predict the course of a 1

reaction over a wide time—temperature range [16]. The cri- F(e) J f() dov.

terion for judging the dynamic experiment is its ability to %

describe and accurately predict the isothermal behaviour. sypstituting Eq. (13) into Eq. (14) yields:

This method yields accurate kinetic parameters for simple

reaction systems. For the majority of thermoset cure reac- log §= —2.315- 0456 &/RT, + log(ZE/R) — log F(=)

tions, this method consistently overestimates the activation (15)

energy and frequency factor when compared to values The activation energy can be calculated from a plot ofog

obtained from isothermal experiments. versus 1T .. Since this method uses the relationship between
A common multi-heating method is based on the work of the peak exothermic temperature and its corresponding

Ozawa [14,17], and based on a simple relationship betweenheating rate, the multi-heating method is an appropriate

the activation energyg, and the heating ratg, Rewriting choice for cure characterization of resins that display low-

Eq. (2) gives: energy cures, thermal instability, irregular baselines, solvent
do/dt =f(«)Z exp( — E/RT) (7) effects and some of the reactions with multiple exotherms
[20-22].

If the sample temperature is changed by a controlled and
constant heating rat@, the variation in the degree of con-
version can be analysed as a function of temperature, this
temperature being dependent on the time of heating. There-3 = [ZE/RF(«)]p(E/RT) (16)
fore, the reaction rate may be written as follows:

For the calculation of the pre-exponential factor, rearran-
ging Eq. (15) gives:

This equation is a two-parameter equation in which the first
d_"‘z d_o‘d_T (8) parameter, ZE/F(o), appears linearly, and the second
dt dT dt parameterE in the P-function, appears non-linearly. The
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pre-exponential factor is computed from the first parameter:
Z = (1st parametgfRF(«)/E] a7)

In order to calculate th& value,F(«) must be known.
Another useful and accurate expression for the pre-

exponential factor fonth-order reactions, which relat&s

B andT,, was derived by Kissinger [23]:

BE &¥RT
B RTg[n(l — o)™ 1

(18)

Kissinger argued thai(1 — )" ' = 1 and is independent
of the rate of heating. The Eq. (10) can be rewritten as:
BE cERT,

z="r (19)
RT2

Rearranging and taking logarithm of Eq. (19) yields

o) ()

RT,
which is the equation of a straight lineyi= — In(ﬁ/Tf,) and
x = 1/T,. From a plot ofy versusx and fitting a straight line,
the activation energl can be calculated from the slope and
the pre-exponential factor from the intercept. From these

(20)

data and the Arrhenius law, the rate constants may be

derived.

Autocatalysed thermoset cure reactions are the type
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This equation is also used to obtain the activation energy
using the linear relationship betwegn= — In(B/Tﬁ) and
X=1/T,. The intercept of the straight line can be used to
calculate the pre-exponential factor.

Isothermal method is a thermal analysis technique to
measure the time dependence of curing at constant tempera-
ture. Isothermal methods are recommended for complete
characterization and modeling of the cure process. In gen-
eral, isothermal methods can best distinguish between dif-
ferent reaction mechanisms and they give the most accurate
and reliable description of cure [16].

As previously mentioned, most thermosetting cure reac-
tions can be represented by either autocatalysetheorder
rate equations. For amh-order reaction, the reaction rate is
expressed by Eg. (3), and the rate constant and the reaction
order can be obtained from the intercept and the slope of
log(da/dt) versus log(1l— «) plot.

For an autocatalysed reaction, on the other hand, the reac-
tion rate is given by an equation as:

da/dt = ka™(1 — a)" (24)

wherem is also a reaction order. Taking the logarithm of
Eqg. (24) yields:

log(da/dt) = log k + log «™(1 — o)"

=log k+ nlog o™(1— «) (25)

where one of the reaction products is also a catalyst for T1iS €quation can also be solved by the linear relationship
further reaction. The kinetics of autocatalysed reactions Petween log(a/df) and logx™(1 — «). The slope of the

are described by an equation expressed as;
dov/dt = (ky + koa™)(1 — )" (21)

wherek, andk, are the rate constants for primary and sec-

ondary reactions. This equation indicates that the maximum
rate of cure and corresponding exothermic peak in isother-

mal d.s.c. occur at> 0, and that the rate of cureta 0 is

finite. Thus, an autocatalysed reaction of thermoset poly-
mers is characterized by a maximum conversion rate, typi-

cally occurring between 20 and 40% conversion [16].
Following Kissinger's method as shown by the Eq. (18),

the pre-exponential factor for autocatalysed reactions can

also be approximated by an equation [22]:

, BE eERT
B RTS[Zap +2Boy, — 301% —B]

(22)

whereB is a stoichiometric parameter. For example, epox-
ide is reacted with amine which is a curing agent in an
amine—epoxide curing reactioB.= 1 when the quantities

of reactive epoxide and amine are equal to each other [16].

Rewriting Eq. (22) gives an equation which is similar to

Eq. (20):
- In(

(3

E

- RT,

ZR2 + 2Bay — 303 — B])
E

(23)

straight line isn and the intercept is log The valuem is
calculated by substitutingandk, and then solving Eq. (25).
In addition, for an autocatalysed reaction, a plot of laggt)
versus logh™"(1 — «)] is used for comparison of experimental
results and the best-fit line.

For thermal analysis using the isothermal method, the two
basic parameters,odd' and «, are required and can be
obtained from the d.s.c. exotherm. The reaction rate is
obtained by dividing the peak heightHdt, at timet by
the total heat of reactiomyH,.

da/dt = (dH/dt)/AH, (26)

The valuex is determined by measuring the partial heat of
reaction AH,) up to timet, and dividing by the total heat of
the reaction.

= AHy/AH, 27)

3. Materials and methods
3.1. Resin synthesis

To prepare PF resin for d.s.c. analysis, liquid phenol
(90%) and paraformaldehyde were used as supplied. PF
resin was synthesized in a 2 L reaction kettle according to
a modified method [25]. The reactor was charged with
phenol (90%), paraformaldehyde (45.6%), and water.
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After heating the components to 4D in the reactor, the 300
initial sodium hydroxide (50%) was slowly added over 280 L
10 min. When the temperature rose to ¥00the resin
was cooked for 2—3 min and then cooled tc°®5vhere __ 260
cooking was continued for 65 min. The temperature was £
held at 65C until the Gardner—Holdt viscosity ranking < 240 ¢
(25°C) was KL. The resin was then cooled to 302@0 % 220
and the second portion of sodium hydroxide (50%) was
added. The solids content of the synthesized resin was deter- & 200
mined by a pan solids technique [26]. The gelation time was g 180
measured with a Sunshine Gel Time meter with 1 g of resin =
at 120C. & 160
The three additives used were propylene carbonate 140
(98%), sodium carbonate (N@0Os) and potassium carbo-
nate (K.COs). All additives were diluted to an aqueous 120 ¢
solution; propylene carbonate was prepared as a 1 mol solu- 100 ! ! \ :
tion (10.4 wt%); both sodium carbonate and potassium car- 0 2 4 6 8 10
bonate were prepared as a 2.5 mol solution (03 Addition level (%wt resin solid)

26.5wt% and KCO; 34.5 wt%). The prepared additive
solutions were mixed with the synthesized PF resin in a Fig. 1. The gel time of cure-accelerated PF resins with carbonates.
small vial. The additive concentrations (2, 4, 8 and 10%)

were determined by the relative weight percentage of the having an intermediate range, and KC-modified resins hav-

non-volatile solids for the resin synthesized. ing the longest gel time as the concentrations of additives
_ increased.
3.2. D.s.c. analysis As mentioned earlier, dynamic scan of modified PF resins

showed inconsistentth-order thermal kinetic parameters.

All d.s.c. measurements were made on a Mettler DSC 20 The results are summarized in Table 1, including total and
with a Mettler TA400 thermal analysis system, using large partial reaction heat, peak temperature and conversion rate.
sealed capsules (ME-29889/V). The capsule with a volume The peak temperature for dynamic scanning &CI@in
of 270uL can withstand vapour pressures up to 10 MPa. showed a unique trend as the additive levels increased.
Dynamic scans (Borchardt—Daniels method) were made For PC-modified resin, the peak temperature decreased up
with a single heating rate of 10/min and a scanning tem-  to 4% concentration and then rapidly increased. However,
perature range from 30 to 22D. Analysis of the results of  poth NC- and KC-modified reins showed a consistent

these dynamic scans produced inconsistent thermal kinetiCdecrease in the peak temperature as the additive amount
parameters for the reaction order.for the modified PF

resins. Therefore, a multi-heating rate method (ASTM E-698

method) was employed for thermal characterization of mod- Table 1

ified PF resins. In addition to the single heating rate. two The peak temperature and its corresponding maximum conversion rate
different heating rates (5 and Z'min) were used in order obtained from a dynamic heating method at@onin

to have at least three different heating rates. For isothermalAdditive  Concentration AH, (J/gf  AHo (/g)° T, (K)°  af

scanning, four different temperatures were employed; YPes (wi%)
80, 110, 120 and 13C with a scanning time range of Base resin 0 135.9 386.9 422.05 0.351
30—-65 min. PC 2 94.9 405.5 414.05 0.234
4 95.6 394.6 41505  0.242
8 85.2 339.9 41875  0.250
. . 10 64.9 330.4 420.55  0.196
4. Results and discussion NC 5 1331 433.2 41625  0.307
4 130.8 423.9 41315  0.308
Fig. 1 shows the measurements of gelation time at@20 8 124.6 458.5 409.15 0.271
as a function of the level of additives. As expected, all 10 114.9 4524 408.35  0.253
additives tested were effective in accelerating the cure of KC ‘21 1‘31(1)'2 gggé jﬂ'gg ggéi
PF resin. The gel time decreased rapidly when propylene 8 1378 543 5 41065 0.253
carbonate (referred to as PC hereafter) was used. Both 10 126.5 4742 409.85 0.266

sodium carbonate (referred to as NC hereafter) and potas- . )
. b te (referred as to KC hereafter) use resulted inaThe partial reaction heat up to the peak temperature
sium carbona i ) -~ lPThe total reaction heat
moderate decreases in the gel time. In general, PC-modifiedethe peak temperature
resins showed the shortest gel time with NC-modified resins “The maximum conversion rate at the peak temperature
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Fig. 2. The degree of conversion of modified PF resins with three carbonates.

rose. Results also indicate that the cure acceleration effectqi.e. up to 4%) and lower degree of conversion (i.e. 30%).
are present for each additives tested. However, the conversion time was lengthened above 4% PC
For the comparison of conversion rate versus time of concentration and at higher degrees of conversion (i.e. 50
modified PF resins, the degree of conversignyas plotted and 70%). A similar result was already observed in Fig. 2a.
as a function of the conversion time at 2€0as shown in These results indicate that PC-modified resins might be
Fig. 2. All data were obtained from dynamic scanning at a cured fast and that the curing process might be in a transition
heating rate of 1/min. The PC-modified resins showed from a chemical-controlled reaction to a diffusion-
longer conversion time than that of the base resin for all controlled reaction at these conditions. For example, at
concentration levels (Fig. 2a). The NC-modified PF resins higher PC concentration levels, the PC-modified resins pre-
were quite different from the PC-modified resins (Fig. 2b). pared for d.s.c. scanning started to gel even at room
As the level of NC increased, the conversion time was lower
up to the conversion rate of about 0.7 compared with the
base resin. Above the 70% conversion level, the conversion
time became longer than that of the base resin. The NC-
modified PF resins had much lower conversion time than Additive
those for the other two carbonate-modified resins as indi- YP®S

Table 2
The conversion rate versus time for modified PF resins

Concentration
(wWt% of resin solid)

Conversion time (s)

a

cated by the conversion time scale shown. The KC-modified 30 o0 70
PF resins had similar conversion time to that of NC- Baseresin 0 95.1 228.0 567
modified resins (Fig. 2c), and had a shorter conversion P¢ f gj'j 229719'8 Zlgg
time than that of the base resin. However, it seemed that 8 1070 453.0 3045
the longer conversion time at the 2% concentration level is 10 148.1 168.6 22206
an extreme. In general, the KC-modified resins resulted in NC 2 67.6 179.8 525
slightly longer conversion time than those for NC-modified 4 42.5 138.1 582
resins. 8 29.6 104.7 507

In addition, the conversion time of modified PF resins at 1(2) gg'(l) ;8;‘3 ggﬁ
selected conversion rates (i.e. 30, 50 and 70%) is presented 4 61.5 169.6 543
in Table 2. Both NC- and KC-modified resins showed a 8 45.2 134.2 486
decrease in conversion time when the concentration of 10 35.0 114.5 414

additives was increased. PC-modified PF resins _ also Al conversion rates were obtained by a single heating method &€140
followed a similar trend for both lower PC concentrations 2x30, 50 and 70 mean the conversion rate at 30, 50 and 70%, respectively.
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Fig. 3. Typical d.s.c. thermograms of KC-modified PF resins using the Fig. 4. The activation energy of modified PF resins obtained by multi-
multi-heating rate method. heating rate method.

resins showed consistent trends with increasing additive

temperature in about 15 min. The gel time measurementlevels.
also supports this phenomena. Fig. 4 shows the activation energy of the cure reactions

Since the results of a single heating dynamic d.s.c. scansfor modified PF resins as a function of additive levels. The
were inconsistent and difficult to interpret, the multiple- calculated activation energies and pre-exponential factors
heating rate method was employed with two additional dif- are also presented in Table 4. As shown by the graph, the
ferent heating rates (5 and ZDmin). As mentioned in an  activation energy of PC-modified resin increases up to 8%
earlier section, peak temperatures of d.s.c. thermograms ardevel and then decreases to that of 2% level. For the NC- and
closely related to the corresponding heating rates. Fig. 3KC-added PF resins, the activation energies were slightly
shows typical thermograms of three different heating rates lower at lower additive levels than that of the base resin
(5, 10 and 26C/min). In this study, the relationship between while increasing above the base resin at a very high additive
heating rate - In(B/TS)] and peak temperature {j) was level (10%).
used to obtain a straight line. The slope and intercept of the This result indicates that there are cure-accelerating
line were used to calculate the activation energy and pre- effects at lower additive concentrations. Investigating PF
exponential factor, respectively. resins with various weight average molecular weights,

For PC-, NC- and KC-modified PF resins, linear relation- Park et al. [27] reported that the gel time at iQ@ecreased
ships are obtained and the equations are presented in Table 3s the molecular weight increased. The authors also reported
All equations had high regression coefficients ranging from that the activation energy decreased with increasing
0.98 to 0.99. The changes in the slopes of the PC-modifiedmolecular weight. In other words, a lower activation energy
resins were inconsistent while those for NC- and KC- modified is needed for higher molecular weight resins which cure

Table 3
The linear relationships betwegn= — In(B/T%) andx = 1/T,, for the calculation of the activation energy and pre-exponential factor

Additive level (wt%) Additive types

PC NC KC

2 y = 14.458% — 25.1451 y = 9.846% — 13.908 y = 9.6326 — 13.3578
(R?* = 0.997) R? = 0.997) R? = 0.980)

4 y = 16.139& — 29.0908 y = 9.855% — 14.1412 y = 9.809& — 13.9231
(R®=0.978) R? = 0.998) R?=0.997)

8 y = 18.7554 — 34.9297 y = 9.863&% — 14.3064 y =10.716% — 16.3078
(R? = 0.993) R? = 0.998) R? = 0.999)

10 y = 14.582& — 24.8301 y = 11.764% — 19.1427 y = 10.72% — 16.4397
(R? = 0.996) R*=0.997) R? = 0.999)

The equation for the base resinyis= 10.260% — 14.68 R* = 0.958).
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Table 4 using the activation energy and pre-exponential factor from
The calculated activation energy and pre-exponential factor from the linear the linear relationship between multi-heating rates and cor-
relationship established responding peak temperatures. The results are presented in
Additive types  Concentration E, (kJ/mol) Z (1/s) Table 5. The pre-exponential fact@was calculated using
(Wt9%) Eq. (22) whereB was 0.73.B, a stoichiometric parameter
Base resin 0 85.31 4.08 10° was obtained by considering the react|V|'ty of the phenol ring
pca 2 120.2 4.9x 10 and the formaldehyde/phenol molar ratio which was 2.2 in
4 134.2 2.4%x 107 this experiment. So, it was assumed that each reactive site of
8 155.9 8.6x 1012 the phenol ring has 0.73 mol of formaldehyde to react with
10 121.2 2.6 10 (i.e., 2.2/3= 0.73). In order to calculate the pre-exponential
NC 2 81.9 1.8x 10 . .
4 81.9 2 9% 10° factor, the peak temperature and maximum conversion rate
8 82.0 26X 108 were obtained from selected dynamic scanning &Cifin
10 97.8 4.0x 101 and the results are summarized in Table 4.
KC 2 80.1 11X 102 The calculated rate constants for modified PF resins were
4 81.6 1.8x10 lower than that of the base resin. As expected, the rate con-
8 89.1 2.1x 10 X
10 892 2 4% 10° stant decreased when temperature increased. For PC-

modified resins, the rate constant decreased up to 8%
*The pre—exponentia_ll factor of the PC-modified PF resin was calculated by |aye| and then increased at all temperatures selected. This
autocatalysed reaction model (Eq. (22)) result is inconsistent with the results of the activation
energy. This lack of agreement can be explained by the
faster than lower molecular weight resins. Thus, a lower occurrence of an autocatalysed reaction for PC-modified
activation energy at lower additive concentrations for both resins, as suggested in isothermal scans. In contrast, the
NC- and KC-modified PF resins could be attributed to the rate constants of both NC- and KC-modified resins showed
cure-acceleration effect of these additives. However, higher consistent trends with increasing temperatures and additive
activation energy at higher additive concentrations might be levels. However, the rate constants increased rapidly at
due to the diffusion-controlled reaction. That is to say, 14C°C.
higher NC and KC level has accelerated the cure of PF Isothermal scanning of modified resins was conducted.
resin so fast that there is no longer a chemically controlled The results including total reaction heat{), and reaction
reaction. After a chemically controlled reaction, a diffusion- order for bothnth-order and autocatalysed reactions are
controlled reaction limits the rate of cure [16]. Therefore, summarized in Table 6. Fig. 5 shows th&l of modified
higher activation energy at higher NC and KC level might PF resins at different isothermal temperatures. All additive
be due to diffusion-controlled reactions. This explanation levels are constant as 4% based on the solids content of the
can be applied for PC-modified PF resins which show base resin. The PC-added resins showed the londsat
increasing activation energy even at lower concentrations lower temperatures (80 and Q) while both NC- and KC-
(i.e., 2 and 4%). The other possible explanation might be modified resins had the loweaiH at higher temperatures
related to localized curing of the PF resin when the base (120 and 13@8C). Thus, less heat is needed to cure PC-
resin is mixed with PC. modified resin at lower temperatures than NC- and KC-
The rate constants for modified PF resins were calculatedmodified resins.

Table 5
The calculated rate constatq/s)= Z e~ ®R"] using the calculated activation energy and pre-exponential factor from linear relationships
Additive types Concentration (wt%) Temperatut€)
80 100 120 140
Base resin 0 9.976% 107° 4.637x 107 1.877x 1072 6.642x 107°
PC? 2 8.221x 107 7.379% 1072 0.530 3.140
4 3.496% 1072 5.051x 1072 0.365 2.666
8 7.449% 1074 1.283% 1072 0.165 1.664
10 3.056x 1072 2.796x 107! 2.039 12.285
NC 2 0.842x 107 3.751x 107 1.435x% 1073 4.823% 107°
4 1.700x 107* 7.588x 107* 2.907x 1073 9.789x 1073
8 1.995x 107 8.913x 107* 3.418x 107° 1.151x 1072
10 1.375x 107* 8.203x 107* 4.075% 107° 1.735% 1072
KC 2 1.452x 107 6.263x 1074 2.327% 107° 7.6109x 1073
4 1.521% 107 6.962x 107* 2.650x 1073 8.871x 10°%
8 1.694x 107 7.272x 107 3.132x 10°° 1.172x 1072
10 1.593x 107* 8.114x 107* 3.499x 1073 1.311x 1072
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Table 6

Summary of isothermal d.s.c. results

Isothermal  Additive D.s.c. parameters

temp. (C)  types

AH (J/9) n m

80 Base 63.7 0.6 *
PC 415 0.5 *
NC 47.0 0.8 *
KC 53.8 0.6 *

110 Base 299.8 0.5 *
PC 214.3 0.8 1.12
NC 258.6 1.6 0.85
KC 294.3 1.6 0.75

120 Base 289.5 15 *
PC 285.4 2.2 0.95
NC 244.1 2.1 0.6
KC 255.8 2.0 0.47

130 Base 205.0 13 *
PC 178.2 1.6 0.56
NC 187.5 1.7 *
KC 204.0 15 *

*The additive levels used were 4% by weight of the non-volatile solid of
base resin

PAll asterik-marked combinations are not valid for autocatalysed reaction
model

Fig. 6 shows the plots of the conversion rate versus
conversion time at different isothermal temperatures. In

the peak heat evolution of PC-modified resins occurred at
about 4 min. As shown in Table 6, theth-order reaction
model was applicable to all modified resins, while the
autocatalysed reaction model was partially valid except
below 110C. The base resin did not fit at all for auto-
catalysed kinetics regardless of the isothermal temperature.
In general, PF resin is believed to follawh-order reaction
kinetics. Above 10®C, the autocatalysed kinetics model
had a good fit for NC- and KC-modified resins at both
110 and 128C. The PC-modified resin was the only one
whose kinetics agreed with an autocatalytic model at all
isothermal temperatures.

This result indicates that the PC-modified resin follows
autocatalysed reaction kinetics. In general, autocatalysed
reactions are characterized by a maximum heat evolution
at 20-40% of conversion [16]. The autocatalytic effect is
due to the formation of some intermediate species, which
markedly accelerates the reaction. A significant portion of
the epoxy systems used in industry follow autocatalysed
kinetics [16,28,29].

However, it should be pointed out that cure is not neces-
sarily limited to one chemical reaction, and the kinetics may
be those of an overall process when the chemical reactions
occur simultaneously. Curing by two or more consecutive
reactions is also possible. For example, Lau [30] found that
cure associated with ambient chemical aging of an amine—

general, the conversion time decreased as the temperatur@poxy system proceeded first by combinet-order and

increased. At lower temperatures (80-32)) the PC-
modified resins showed the largest conversion time while
it showed the lowest conversion time at 130In addition,
the NC- and KC-modified resins also showed longer con-
version times at 13C than that of the control resin.

Typical thermograms of isothermal scans are shown in
Fig. 7. For the control, NC- and KC-modified resins, all
peaks of heat evolution occurred within 1 min. However,
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Additive types (4% based on resin solids)

Fig. 5. The reaction heat\l) of isothermal scans at different temperatures.

autocatalytic processes, then became predominately auto-
catalytic, and finally became a diffusion-controlled reaction.

Thermal analysis of carbonate-modified PF resin indi-
cated that all carbonates tested are capable of accelerating
the cure rate of PF resin. Among the three carbonates, PC
showed the fastest curing, and then NC and KC in that order.
The results suggest that all carbonates can be used as addi-
tives for PF resin to reduce the pressing time for manufac-
ture of panels. However, the PC may cause too short a pot
life for the resin to be handled. The mixing of PC with PF
resin in a processing line might avoid this problem. The NC-
modified PF resins showed a consistent and controllable
cure acceleration, suggesting that the NC can be a good
additive for PF resin. The KC-modified resins cured slower
than the NC-modified resins.

5. Conclusions

Carbonate additives used are capable of accelerating the
cure of PF resol resin. The gel time measured at’@20
decreased with increasing the additive levels. PC-modified
resins took less time to gel than either NC- or KC-modified
resins. A dynamic single heating (Borchardt—Daniels)
method was difficult to apply for carbonate-modified PF
resins in the thermal behaviour analysis with d.s.c. because
of inconsistencies in the thermal parameters. Thus, a multi-
heating rate method was employed to obtain the activation
energy and pre-exponential factor of the resins. A lower
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Fig. 6. Typical isothermal thermograms of modified PF reins at@20

activation energy was obtained by a multi-heating rates cure rate of PF resin and could reduce the pressing time
method compared with that of a single heating rate method. for panel manufacture. Among the three carbonates, sodium
These two parameters were used to calculate the rate conearbonate produced a consistent and controllable cure accel-
stant for modified PF resins. The rate constant increasederation effect.

with increasing additive level and temperature selected. Iso-
thermal scanning revealed that PC-modified PF resin fol-
lows autocatalytic kinetics above 11 The other two
additives (NC and KC) also showed a partial autocatalytic
reaction but can be expected to follow thtk-order reaction The authors are grateful for financial support from the
as the base resin does. The results obtained in this experiNatural Sciences and Engineering Research Council
ment indicate that all carbonates used can accelerate thdNSERC) of Canada, Faculte de Foresterie et Geomatque,
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