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ABSTRACT: The thermal behavior, thermal degradation
kinetics, and pyrolysis of resol and novolac phenolic resins
with different curing conditions, as a function of the form-
aldehyde/phenol (F/P) molar ratio (1.3, 1.9, and 2.5 for the
resol resins and 0.5, 0.7, and 0.9 for the novolac resins) were
investigated. The activation energy of the thermal reaction
was studied with differential scanning calorimetry at five
different heating rates (2, 5, 10, 20, and 40°C/min) between
50 and 300°C. The activation energy of the thermal decom-
position was investigated with thermogravimetric analysis
at five different heating rates (2, 5, 10, 20, and 40°C/min)
from 30 to 800°C. The low molar ratio resins exhibited a
higher activation energy than the high molar ratio resins in
the curing process. This meant that less heat was needed to

cure the high molar ratio resins. Therefore, the higher the
molar ratio was, the lower the activation energy was of the
reaction. As the thermal decomposition of the resol resins
proceeded, the activation energy sharply decreased at first
and then remained almost constant. The activation energy of
the thermal decomposition for novolac resins with F/P = 0.5
or F/P = 0.7 was almost identical in all regions, whereas that
for novolac resins with F/P = 0.9 gradually decreased as the
reaction proceeded. © 2003 Wiley Periodicals, Inc. ] Appl Polym
Sci 89: 2589-2596, 2003

Key words: differential scanning calorimetry (DSC); ther-
mogravimetric analysis (TGA); curing of polymers; activa-
tion energy; resins

INTRODUCTION

Phenolic resins constituted the first type of thermoset-
ting resin to be synthesized when they were first in-
troduced in 1907. This type of resin has become the
subject of further studies because of its excellent fire-
resistant properties. Phenolic resins have recently
been used in the manufacture of transportation sys-
tems. However, the relationship between the synthesis
conditions and the structure and mechanical proper-
ties of the resins is not yet fully understood. One of the
reasons for this is that the polymerization of the resins
has a complicated reaction mechanism." One reaction
involves the addition of formaldehyde to the ortho-
phenol and para-phenol positions of the formalde-
hyde.
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Two different types of condensation reactions can
occur: (1) between the phenol-free position and the
methylolphenols producing an ether bridge and (2)
between the methylolphenols themselves producing a
methylene bridge.>?

Although phenolic resins were the first commercial
synthetic polymeric materials, their synthesis, struc-
ture, and curing reactions are still a matter of great
interest. Our ability to analyze the structure and net-
work formation of these resins with modern instru-
mental techniques increases our understanding of
these phenomena and allows for better product qual-
ity control. The structure and, consequently, the prop-
erties of the resins depend on the molar ratios of the
reactants, as well as the type and concentration of the
catalyst.

The kinetics of the curing reactions strongly depend
on the nature and amount of reactive positions avail-
able in the phenol resins.* Increasing attention is being
paid to investigating the reaction between phenol and
formaldehyde, particularly from the viewpoint of the
kinetics and the mechanism of the synthesis yielding
resol and novolac types of phenol-formaldehyde res-
ins. This situation has arisen because of the continuing
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Figure 1 Apparatus used in the preparation of the resol and novolac resins.

demand for plastics produced from phenolic resins
and because of the development of new analytical
methods that make it possible to study the chemical
compositions and structures of these resins.

Previous studies® have detailed the use of an atomic
force microscope to investigate Si;N, tip interactions
under various curing conditions with three different
molar ratios. Also, the surface free energy and acid/
base character of resol resins have been investigated
with contact-angle analysis. It has been concluded
from that study that the hydrophobic effect constitutes
a significant part of the adhesion force. Depending on
the contact angle, surface free energies express a stron-
ger negative surface charge toward their environment
and are considered to be relatively more hydrophobic.
Because the uncured resin is more hydrophobic, it
appears that increasing the substrate hydrophobicity
results in a stronger adhesion force.

In some cases, the thermal stability of phenolic res-
ins has also been evaluated. To assess their utility as
thermally stable materials or their use in applications
requiring such properties, we must examine their rel-
ative thermal stability and degradation.

In this study, we focus on the relative thermal be-
havior, the kinetics of thermal degradation, and the
pyrolysis in relation to the curing conditions as a
function of the formaldehyde/phenol (F/P) molar ra-

tio. The activation energy (E,) values of the thermal
reaction were studied with differential scanning calo-
rimetry (DSC), and the E, values of thermal decom-
position were investigated with thermogravimetric
analysis (TGA).

EXPERIMENTAL
Synthesis of the resol and novolac resins

The resin syntheses were carried out in a laboratory
glass reactor equipped with a stirrer, a thermometer,
and a reflux condenser, as shown in Figure 1. The
mixture of phenol and 37% aqueous formaldehyde
was heated up to a temperature of 45°C, and then the
catalyst, a 10% sodium hydroxide solution for resol
resins and a 2% oxalic acid solution for novolac resins,
was added. After the components were heated to 90°C
over a period of 30 min, the temperature was kept at
90°C for 60 min.

The characteristics of the resol and novolac resins
are listed in Table L

DSC

DSC analysis with a PerkinElmer DSC-7 (State Uni-
versity of New York at Stony Brook, Stony Brook, NY)

TABLE I
Characteristics of the Resins
Resol Novolac

Code 1 2 3 1 2 3
F/P molar ratio 1.3 1.9 2.5 0.5 0.7 0.9
M, 240 380 400 380 390 390
M, 460 630 670 540 560 580
M,/M,, 1.92 1.66 1.67 1.44 1.42 1.49
Nonvolatile content (%) 59.2 53.5 50.4 46.6 454 459
Viscosity (mPa - s) 157 445 1390 22.6 25.7 29.8

M

n

= number-average molecular weight; M,, = weight-average molecular weight.
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equipped with a thermal analysis data station enabled
the curing exotherms of the phenol-formaldehyde res-
ins to be determined. This study was performed with
a sealed aluminum capsule pan, under a nitrogen
atmosphere, at 5 different heating rates (2, 5, 10, 20,
and 40°C/min) between 50 and 300°C. For the re-
moval of moisture from the resins, the resins were
mounted in a vacuum-dried oven at 40°C for 48 h.

TGA

Phenol-formaldehyde resins were subjected to TGA in
a nitrogen atmosphere at five different heating rates
(2, 5, 10, 20, and 40°C/min) from 30 to 800°C with a
thermogravimetric analyzer (Rheometric Scientific
TGA 1000, NICEM, Seoul National University, Seoul,
Korea). For the removal of moisture from the resins,
they were mounted in a vacuum-dried oven at 40°C
for 48 h.

RESULTS AND DISCUSSION
E, values of chemical curing by DSC analysis

Thermosetting resins play an important role in indus-
try today because of their high flexibility, which al-
lows the properties of the end product to be tailored
for a particular use. Because, in industrial formula-
tions, a variety of additives are included in the cure
system, resulting in complex cure kinetics, a good
understanding of the cure process is the most impor-
tant prerequisite for optimizing the production of the
composites. The methods employed to monitor the
progress of the curing process fall into two categories:®

1. Methods based on the monitoring of the changes
in the concentrations of the reactive groups con-
sumed, or in the process of being consumed, over
the course of the reaction. These methods include
chemical analysis, as well as IR and UV spectros-
copy.

2. Methods based on the effects of network forma-
tion on the physicomechanical properties of the
sample.

Among the available methods, only a few can be
employed to follow the whole cure process from be-
ginning to end. One of the most frequently used meth-
ods is thermal analysis by DSC, in both the isothermal
and nonisothermal modes.”® Thermal analysis is a
powerful technique for studying the kinetics of phys-
icochemical processes.” Moreover, it is a useful tech-
nique for making time-temperature predictions and
for the optimization of process variables. Another
popular technique, which is based on the heat evolu-
tion during the course of a reaction, is the adiabatic
reactor method. This method requires there to be a
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highly reactive polymerizing mixture at the initial
temperature.

One of the most widely used techniques for cure
kinetic studies of thermoset materials is DSC. In this
study, DSC has the advantage of being based on the
same assumption as the heat equation, which is the
proportionality between the rate of heat generation
and the rate of reaction. Different errors may affect the
accuracy of the cure kinetic parameter determination
based on DSC measurements: the use of an inappro-
priate kinetic model function, intrinsic defaults of the
apparatus, or errors in the interpretation of the DSC
thermogram.'® It is well known that the baseline of a
DSC scan experiment for a thermoset is not a straight
line, but obtaining its real shape is a complicated
process. It can be obtained by heat capacity measure-
ments with temperature-modulated DSC. Neverthe-
less, this recently developed method is still not com-
monly used, and most kinetic studies are performed
with conventional DSC. Moreover, the type of baseline
used is generally a simple straight line drawn from the
beginning to the end of the exothermic signal.

As reported in the literature,® nth-order and auto-
catalytic kinetics are the two reaction mechanisms
used to describe curing reactions. They can be ex-
pressed as follows. For nth order kinetics,

da/dt = k(1 — a)" (1)

where «, the extent of the curing reaction, is defined as

a = AH,/AHyy. AH, and AHqp ., are the enthalpy of

the curing reaction at time ¢ and the enthalpy of the

curing reaction at the end of curing, respectively, and

they can be determined from DSC thermograms.
The rate constant (k) can be expressed as

k= Ae PRI (2)
where A is the frequency factor. Then,
Ink=In[da/dt)/ (1 - a)"]=InA —E,/RT (3)

When the order of this reaction is properly assumed, a
plot of In k versus 1/T allows us to predict A and E,.
Kissinger'' proposed that

EB(RT?) = Ae 5/%Tr (4)

where B is the heating rate, which is expressed as 8
= dT/dt. By taking the logarithm of eq. (4), we obtain
the Kissinger equation:

—In (BT}) = —In(AR/E,) + (1/T)(E./R)  (5)
A and E, were obtained by the plotting of —ln(Bsz)

versus 1/T,, where T), is the peak temperature. The
curing kinetics from DSC at different heating rates,
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TABLE 1I
Kinetic Parameters of Resol Resins: Obtained
by Kissinger’s Analysis

E

Resol resin B (°C/min) T, (°O) (kJ/mol)
F/P =13 2 110.0 17.65
5 131.0
10 145.2
20 153.1
40 160.6
F/P =19 2 103.8 1791
5 106.7
10 107.8
20 1194
40 129.5
F/P =25 2 91.7 15.23
5 106.7
10 1249
20 132.7
40 143.9

required to obtain the fundamental kinetic constants
of the activation energy (E,), were obtained from the
plotting of —In(B/ sz) against 1/T), (Tables II and III).
The obtained E, values of the resol and novolac resins
decreased as the F/P molar ratio increased.

The DSC curing curves for a resol resin with F/P
= 2.5 as a function of the heating rate are shown in
Figure 2. There was an endothermic peak in the curing
process. This could be attributed to the condensation
of the methylol group with phenol, forming methyene
bridges, and to the condensation of two methylol
groups, forming dibenzyl ether bridges to the meth-
ylene bridges, thereby eliminating formaldehyde. In a
previous report,'* the DSC thermograms of phenol-
formaldehyde resol resins showed a peak between 98
and 129°C, which corresponded to the addition of
formaldehyde to the phenolic rings to form hydroxy-

TABLE III
Kinetic Parameters of Novolac Resins Obtained
by Kissinger’s Analysis

Novolac E,
resin B (°C/min) T, (°O) (kJ/mol)
F/P =05 2 105.0 22.93
5 106.7
10 117.4
20 130.9
40 136.6
F/P =07 2 116.5 21.34
5 112.8
10 114.2
20 138.6
40 136.8
F/P =09 2 104.9 16.02
5 110.7
10 120.0
20 139.9
40 154.4
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Figure 2 DSC curves of a resol resin (F/P = 2.5) with the
heating rate.

methyl phenols, and a peak in the range of 139-151°C
corresponding to the crosslinking reactions. With an
increasing heating rate, a shift of the condensation
reaction to a higher temperature was observed.

With the same method, the DSC curves of the resol
and novolac resins were obtained as a function of the
molar ratio and the heating rate. As shown in Figure 3,
T, of the novolac resins increased as the heating rate
increased. In addition, as the heating rate increased,
the temperature of the peak also increased.

In a comparison of novolac resins with resol resins,
Chow et al.'® reported interesting DSC results show-
ing an endothermic peak for a novolac reaction. Their
results provided an explanation for the nature of the
inconsistencies between the exothermic and endother-
mic reactions observed for different types of resins.

The plots of —In(B/ sz) against 1/T, for resol and
novolac resins are shown in Figures 4 and 5, respec-
tively. The curing kinetics with DSC at different heat-
ing rates, used to obtain the fundamental kinetic con-
stants of the activation energy (E,), were obtained
from the plotting of —In(B8/ sz) against 1/T,. The

40C/min
W
10C/min

5C/min

Heat Flow Endo —

2C/min

T T T T T M T T T
80 100 120 140 160 180 200 220
Temperature { C)

Figure 3 DSC curves of a novolac resin (F/P = 0.5) with
the heating rate.
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E, (kJ/mol)
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114

101

An(BIT )

2.3 2.4 25 26 2.7
1T X 10°(K™)

Figure 4 Plotof —In(8/T,?) versus T, ' for the resol resins.

obtained values of E, for the resol and novolac resins
decreased as the F/P molar ratio increased. The E,
values of the resol and novolac resins as a function of
the F/P molar ratio are shown in Figure 6. E, de-
creased with increasing molecular weight. In other
words, a lower value of E, was needed for higher
molar ratio resins, which cured faster than lower mo-
lar ratio resins.

The increasing F/P value enhanced the concentra-
tion of the methylol groups. This resulted in increas-
ing amounts of methylene and ether bridges and in
rigid resin structures, which made the condensation of
the dibenzyl ether bridges more difficult.'*

On the basis of previous results,'® the amount of
free ortho and para positions decreased, and the num-
ber of ortho methylol groups, p—p' methylene bridges,
and hemiformal structures increased as a function of
an increasing F/P molar ratio. The further weakening
of the phenolic O—H bond was likely to lead to a
stronger negative charge delocalized on the ortho and
para portions of the aromatic ring. The phenol-form-
aldehyde self-condensation reaction, a bimolecular re-

E (kJ/imol)

22.93 for FIP=0.5
21.34 for FIP=0.7 @] JAY
11| 16.02 for FIP=0.9 :

104

-In(BIsz)

23 24 25 2.6 2.7
1T X 10%K™)

Figure 5 Plot of —In(8/T,?) versus T, "' for the novolac
resins.

2593
25
— Novolac resin
]
1S [}
>) \
=
> @,
2
2 204 -
w
[ Resol resin
2
S o0
°
< °
15 . . &
F/P=0.5 F/P=0.7 F/P=0.9
F/P=1.3 F/P=1.9 F/P=2.5

Figure 6 E, values of the resol and novolac resins from the
Kissinger expression.

action, was then more rapid as a result of the sub-
strate-induced activation of the only two types of re-
active sites of phenolic oligomers. In the case of ortho-
and para-hydroxybenzyl alcohols, the maximum ener-
gies of interaction were 19.7 and 13.3 kcal/mol, re-
spectively.

Roczniak et al."” identified the band at approxi-
mately 1450 cm ™!, which was assigned to methylene
bridges in p—p’, whereas the band at 1460 cm ™' was
assigned to the methylene bridge in 0—0’, and the band
at 1480 cm ™' was assigned to the o—p’ position. These
bands were higher for the completely cured resin than
for the prepolymer of the uncured resin. This was an
indication that the crosslinking reaction occurred to a
greater extent in the curing step than during the syn-
thesis of the resin. The application of this analysis to
the resin allowed us to determine that the quantity of
p—p' bridges was higher than that of o-p’ bridges."

To evaluate the effect of the F/P molar ratio on E,,
we obtained curves for a series of model compounds
with different F/P molar rations. Before the DSC mea-
surements, it could be concluded that a substantial

2.0
]
1.5 4
%
@ a
2 104 | x 035 .
= + 0.30
1 | © o025
v 020
0.5+ A 015 B
o 010
{ | o oos
0.0 : . : T :
1.0 1.5 2.0 25

UT X 10%(K™)

Figure 7 Isoconversional curves for a novolac resin (F/P
= 0.5) from the Flynn-Wall expression.
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Figure 8 E, values of thermal decomposition for the resol
resins from the Flynn—-Wall expression.

part of the condensation reaction took place during
the heating stage. The advancement of the curing pro-
cess to this stage could be assumed to be due to the
high proportion of formaldehyde in the resin. For this
reason, a cured resin with a higher proportion of
formaldehyde gave lower values for the heat of reac-
tion than a resin with lower F/P ratios.

E, values of thermal decomposition by TGA

To evaluate the E, values of thermal decomposition,
we used the Flynn-Wall expression:'”

_ — R a(logp)
Ea=0.457 T 6)

where R is the gas constant and T is the absolute
temperature. To obtain E,, we plotted a linear relation-
ship between log B and 1/T at selected fractions of the
thermal decomposition in Figures 7 and 8, and we
then evaluated E, from the slopes. The selected frac-
tion varied from 0.05 to 0.50, and the resulting values
of E, for each fraction were compared.

100
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Figure9 Thermograms of a resol resin (F/P = 1.3) with the
heating rate.
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Figure 10 Thermograms of a novolac resin (F/P = 0.5)
with the heating rate.

The TGA curves for the resol and novolac resins at
five different heating rates are shown in Figures 9 and
10. According to Conley,'® the degradation process,
accelerated by the presence of phenolic groups adja-
cent to the methylene bridge, is dependent on the
dihydroxy phenyl methane units present in the resin.
The degradation process, accelerated by the presence
of phenolic groups adjacent to the methylene bridges,
is dependent on the dihydroxy phenyl methane units
present in the resin.

Trick and Saliba'® studied the thermal degradation
of phenol-formaldehyde resins. They explained the
formation of phenol and cresols due to the scission of
a terminal benzene ring depending on the position of
scission, as shown in Figure 11. Previous studies®?®
pointed out the possibility of xylenol or trimethylphe-
nol being formed during the pyrolysis of the highly
condensed phenol-formaldehyde resin.

HO
Smm— TN
HOH,C CH, CH,
3 cresol
OH
CH; >
OH
H,yC CHy
phenol
xylenol

Figure 11
region.

Formation of phenols in the major weight-loss
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TABLE 1V
Relationship Between log B and T~* for Resol Resin (F/P = 1.3)

1/T x 10° (K )

log B a = 0.05 a=0.10 a =015 a =020 a =025 a =030 a =035
0.301 2.925 2.399 1.956 1.508 1.321 1.203 1.106
0.699 2918 2.397 1.949 1.448 1.223 1.125 0.975
1.000 2.846 2.351 1.935 1.413 1.194 1.119 0.969
1.301 2.818 2.329 1.946 1.392 1.121 1.012 0.987
1.602 2.763 2.279 1.909 1.372 1.195 1.112 1.036

According to Lin,? the strength of the C—H bond
of the aliphatic bridge decreases with increasing tem-
perature, and this indicates the cleavage of the meth-
ylene bridges. As the temperature increases, the ratio
of the concentration of the diphenyl ether links to that
of the phenol structures increases. The diphenyl ether
link structures constitute the intermediate structures
that are generated for phenolic resins during the pro-
cess of thermal degradation.

As the heating rate increased, the decomposition
temperature (T,;) increased. T; was obtained from the
point at which the weight loss increased. The fact that
T, is affected by the heating rate of pyrolysis has
already been reported by other researchers.”! The ini-
tial degradation temperature of the resol and novolac
resins decreased as the heating rate increased, as pre-
viously reported in the literature.

As shown in Figure 9, the temperature at « = 0.5
(5% thermal degradation region) for the five heating
rates was measured where the lines crossed the TGA
curves. To obtain the E, values for the thermal decom-
position, we converted these data into log B and 1/T,
as listed in Table IV.

With the same method, the temperatures at differ-
ent a values were obtained. The relationships between
log B and 1/T are listed in Table IV, based on Figure
12. The E, value for each « value was calculated from
the slope of each straight line, as listed in Table V.

2.0
[¢3
X 0.35
15 o + 0.30] ]
o 025
v 0.20
- A 015
104 o 010
g o 005
X
0.5 g
o
0.0 ——
1.0 15 2.0 2.5 3.0 35

1UT X 10%(K)

Figure 12 Isoconversional curves for a resol resin (F/P
= 1.3) from the Flynn-Wall expression.

The E, values of the thermal decomposition curves
for resol and novolac resins at the degradation con-
version («) were obtained and are shown in Figures 8
and 13.

As the thermal decomposition of resol resins pro-
ceeded, E, sharply decreased at first and then re-
mained almost constant.

The E, values of thermal decomposition for novolac
resins with F/P = 0.5 and F/P = 0.7 were almost
identical in all the regions, whereas the E, value of
thermal decomposition for the novolac resin with F/P
= 0.9 gradually diminished, as shown in Figure 13.

It can be seen from these results that the E, values of
thermal decomposition for the resol at the initial stage
were quite high compared with the corresponding
values at the final stage. These observations were ra-
tionalized as follows. The magnitude of the E, values
is expected to reflect the extent of crosslinking of the
resins. However, it should be noted that E, for the
decomposition of the phenolic resins was reported by
Rama Rao et al.?! to be about 9 kJ/mol, whereas for
glass—phenolic composites, a value of 270 kJ/mol was
reported by Henderson et al.**> and a value of 42-77
kJ]/mol was reported by Ninan.?®> This indicates
clearly that the extent of curing has a significant influ-
ence on the calculated E, values.

CONCLUSIONS

The E, values of chemical curing (thermal reaction)
were studied by DSC, and the E, values of thermal
decomposition were investigated by TGA as a func-

TABLE V
E, Values of the Thermal Decomposition for a Resol
Resin (F/P = 1.3) from the Flynn-Wall Expression

Linear expression of E,

e’ Figure 10 (kJ/mol)
0.05 Y = —0.1578X + 2.979 2.87
0.10 Y = —0.0815X + 2.427 1.48
0.15 Y = —0.0723X + 2.014 1.31
0.20 Y = —0.0724X + 1.488 131
0.25 Y =-0.0717X + 1.283 1.30
0.30 Y = —0.0604X + 1.163 122
0.35 Y = —0.0395X + 1.057 0.65
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Figure 13 E, values of thermal decomposition for the no-
volac resins from the Flynn-Wall expression.

tion of the F/P molar ratio. The low molar ratio resins
had higher E, values than the high molar ratio resins.
This meant that less heat was needed to cure high
molar ratio resins than low molar ratio resins. In gen-
eral, lower E, values indicated that the reaction pro-
ceeded faster at a given temperature. Therefore, the
higher the molar ratio was, the lower E, was for the
reaction. This might be due to the presence of more
reactive sites remaining in the lower molar ratio resins
than in the higher molar ratio resins. E, decreased
with increasing molecular weight. In other words, a
lower E, value was needed for higher molar ratio
resins, which cured faster than lower molar ratio res-
ins.

Phenol-formaldehyde resin decomposition was
found to occur in two stages, with the initial stage
involving predominantly the cleavage of formal
(—CH,—0O—CH,—) linkages and the second stage

LEE ET AL.

involving chemical reactions. The extent of curing de-
pends on the nature of the resin.
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