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Abstract

Phenol-formaldehyde resins (I and II), synthesised at 2 monomer feed ratio of F/P=1.0 and
1.5, were cured at 130°C for 48 h without any catalyst (Ia, ITa), with 0.1% ferric acety! ace-
tonate (Ib, IIh) and with 0.1% p-toluenesulphonic acid (Ic, Il¢). Thermogravimetric studies in-
dicate that the decomposition of the cured products takes place in two distinct stages: The first
stage (T'=340-480°C; a=0.045-0.16; AE,=140+10-239424 and 60+3-65+2 kJ mol™ for se-
ries I and I respectively) was attributed to the predominant cleavage of formal linkages. The main
stage decomposition (T'=460-640°C; o=0.114-0.393; AE,=11518-1694+8 and 91+6-
1037 kJ mol™ for series I and II respectively) was attributed to reactions leading to graphitisa-
tion. AE, values were correlated to the extent of cure as measured by IR spectroscopy and pyro-
lysis-GC. The effect of catalysts on the extent of cure and on the activation energy was evaluated.
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Introduction

Structural features like isomeric composition and average chain length of phe-
nol-formaldehyde (PF) resins have a substantial effect on the nature, extent of cross-
linking and end-use properties [1-3]. Thus an understanding of the structure —
property relationship of the resin and its cured analog becomes essential to meet the
intended applications as composites and ablative materials [4-6]. Studies based on
IR, 'H and 3C NMR spectroscopies [7-12] provided many details of PF reactions,
but are limited to solution state. Attempts have also been made to elucidate the
structural features of the cured resins by solid state 1>*C NMR spectroscopy [13] and
pyrolysis-GC-MS techniques [14], but there is paucity of information in this re-
gard. Hence, in this communication we report on the characterization of cured phe-
nolic resins by thermogravimetric, pyrolysis-GC, IR and solid state 1*C NMR tech-
niques.
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Experimental

Materials

Resole-type phenol-formaldehyde resins I and II were prepared with a formal-
dehyde to phenol ratio (F/P) of 1.0 and 1.5 respectively using sodium hydroxide
catalyst at a pH of 8.5-8.6 as per the details described elsewhere [15]. The resins
I and IT were cured in an inert atmosphere of nitrogen at 130°C for 48 h without
any catalysts (Ia, ITa), with 0.1% ferric acetyl acetonate (FAA) (Ib, IIb) and with
0.1% p-toluenesulphonic acid (p-TSA) (Ic, Ilc).

Thermogravimetric studies

Thermal curves were recorded under nitrogen atmosphere using a Du Pont 2000 in
combination with a 951 thermogravimetric analyser with a sample size of about 5 mg.

Pyrolysis-GC

About 0.5-0.6 mg of samples were pyrolysed in a Shimadzu PYR-2A furnace
type pyrolyser coupled to Shimadzu GC-9A Chromatograph. The GC conditions
used were pyrolysis temperature: 750°C; column: OV-17 (Shimadzu), 1 mx4 mm
i.d.; column temperature: 60-150°C at a programmed heating rate of 15°C min™
[60(5)-15-150(15)]; injection port temperature: 250°C; detector: FID; carrier gas:
He at a flow rate of 90 mL min~. A Shimadzu data processor (Shimadzu CR 3A)
was used for computation of peak areas.

Results and discussion

Characterisation of cured resins

The cured resins were characterized by their IR spectra and the relative intensi-
ties of absorptions at 818 and 754 cm™ (R=[Ig1¢/[[175) which can be assigned to
the C-H out-of-plane deformations, were considered as a measure of the extent of
ring substitution [16]. In addition, the intensity of the peak at 1595 cm™ (aromatic
C=C stretching) is expected to be nearly constant and its ratio to the intensities of
peaks at 818 and 754 cm™ were also considered to determine the extent of cure.
The results, shown in Table 1, indicate that: (i) the extent of cure is higher for I se-
ries compared to II series; and (ii) incorporation of catalysts decreases the extent of
cure in I series but enhances it in series II. These differences might be arising due
to the inherent structural differences in I and II resins. The catalysts might be pro-
moting the decomposition of the formal linkages liberating formaldehyde which in
turn partially reacts with aromatic ring leading to increased aromatic substitution.
In addition, the catalysts may complex with methyloxyl groups preventing further
substitution reactions. These two opposing factors contribute to the catalytic activ-
ity and depend on the relative amounts of methyloxyl and formal linkages in the
sample. Consequently, the presence of more of formal bridges in series II com-
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pared to series I, lead to further ring substitution reactions and increased extent of
cure for series II. However, in the case of I series, the net effect is such that the
extent of cure decreases in the presence of catalysts compared to the non catalysed
case.

These results were further confirmed by the solid state 1°C NMR spectrum of
I1a. The presence of absorption at §=114.8 ppm clearly indicates incomplete sub-
stitution at the carbon atom ortho to the carbon bearing OH group.

Thermal stability of cured phenolic resins

The thermal stability as measured by char yields at 800°C are shown in Table 1.
It is seen that I series in which F/P ratio=1.0 gave higher char yields compared to
II series in which F/P ratio =1.5. This can be attributed to the higher proportion
of thermally labile formal linkages in II series compared to I series. This is also
consistent with the IR data which shows lower aromatic substitution in the II series
as discussed earlier.

Also, it may be noted that the average structure of I neat resin as determined by
'H NMR spectrum could be represented as

OH OH OH
CH-,?-CH 2 sz
0.95 1.25

0.55

Assuming that during complete decomposition of the cured product, loss of
—OCH,-, -CH,~, and H,O fragments occurs, the above structure indicates that the
total mass loss would be about 36% leaving a char yield of 64 %, in excellent agree-
ment with the observed value of 63-67%. This suggests that the structure of the
char is essentially graphitised carbon. In the case of II series in view of the higher
percentage of formalin, the weight fraction of the aromatic rings would be less and
therefore the char yield would be less.

Further, it is seen that the decomposition takes place essentially in two stages in
agreement with the data reported earlier [17]. The temperature range and mass loss
for the two stages are given in Table 1. In the case of I series, the mass loss in the
first stage is 11-14% whereas it is slightly higher in the II series. This could be ra-
tionalised as follows: It is envisaged that the first stage of decomposition involves
the cleavage of the formal linkages (ArCH,OCH,Ar — ArCH,Ar+CH,0, a low
energy process). The mass percentage of the formal linkages in the I series is ap-
proximately 15.5% which agrees reasonably well with the mass loss of 11-14% in
the first stage. Therefore, the first stage of decomposition involves predominant loss
of formal units. The second stage of decomposition would involve a further 20%
mass loss due to the loss of methylene and water fragments leaving a graphitised
residue. The II series also behave in a similar fashion with weight loss in the first
stage being greater (16%) due to the higher formal content.
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Kinetic parameters of decomposition

The kinetic parameters of Ia was studied in detail. The thermal curves were re-
corded in three different heating rates (5, 10 and 20°C min™'). The thermal curves
were analysed by two different methods: (i) Ozawa’s method [18], and (ii) Chatter-
jee-Conrad’s method [19]. The isoconversional plots of Ozawa’s method are shown
in Fig.1. The results indicate that the global activation energy of decomposition is
essentially constant and is equal to 150.9+8.2 kJ mol™ and log A =12.2+ 0.4 min™.

18

1Tx10

Fig. 1 Isoconversional plots of log B vs. 1/T (Ozawa’s method) for Ia

The treatment of the mass loss data according to Chatterjee-Conrad’s method
shows two stages of decomposition. Assuming a pseudo first order reaction, the ac-
tivation energies for the first and second stages of decomposition were found to be
18446 and 169+8 kJ mol™ in reasonable agreement with Ozawa’s method. Conse-
quently, Chatterjee-Conrad’s method which uses only a single heating rate was cho-
sen for kinetic analysis of other samples. The results obtained are given Table 2. It
is seen from the results that: (i) the activation energy for the first stage decomposi-
tion for II series is considerably lower compared to the corresponding values of the
I series; (ii) the activation energies for the main stage decomposition for II series
are higher than the corresponding first stage; and (jii) the activation energies for the
first and main stages are not considerably different for the I series except for Ic
which appears to be an anomaly.

These observations were rationalised as follows: The magnitudes of the activa-
tion energies are expected to reflect the extent of cross-linking of the cured samples.
As discussed earlier, the values of R obtained from IR spectra were considered as a
. measure of extent of cure. Therefore, the activation energies AE, for the main stage
decomposition were plotted against R as shown in Fig.2 and confirms the expected
trend that activation energy increases with increase in the extent of cross-linking.
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Fig. 2 Plot of activation energy vs. [Zlgo/[];54

However, it is to be noted that the activation energy for the decomposition of phe-
nolic resins was reported to be about 9 kJ mol™ by Komoreva et al. [20] whereas
for glass-phenolic composites, a value of 270 kJ mol ™~ was reported by Henderson
et al. [17] and 42-77 kJ mol™ by Ninan [21]. This indicates clearly that the extent
of cure greatly influence the calculated activation energy values. Consequently, the
results obtained in the present study can be considered as adequate for the intended
purpose of comparison of samples prepared under different conditions.

Pyrolysis-GC studies

Since the cured phenolic resins are intractable, an attempt was made to charac-
terize the resins by their products of decomposition on pyrolysis. A pyrolysis tem-
perature of 750°C was chosen to obtain reproducible pyrograms with sharp peaks.
Lower temperatures of pyrolysis resulted in broad and poorly resolved peaks due to
slow decomposition of the resin. About 0.6-0.7 mg of cured phenolics were pyro-
lysed at 750°C and phenol, formaldehyde, benzene and toluene are some of the
peaks identified in the pyrogram. The results indicate that P/F ratio in the pyro-
lyzates differs considerably for both I and II series indicating that the ratio is de-
pendent on the extent of cure reactions. Thus, the plot of AE; vs. P/F ratio shown
in Fig.3 indicates the dependence of activation energy on the extent of cure. I and
I series show different extents of dependence since the F/P ratios in the virgin res-
ins are different. Thus, the pyrolysis-GC results are also in consistence with the
conclusions drawn from the IR and thermogravimetric data.
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Fig. 3 Plots of activation energy vs. P/F ratio in the pyrolyzates

Conclusions

The main conclusions that can be drawn from the present study are: (i) the ex-
tent of cure of a phenol-formaldehyde resin depends on the feed ratio of the mono-
mer; (i) the effect of the catalysts used FAA and p-TSA on the extent of cure is de-
pendent on the extent of formal linkages present in the resin; (iii) phenol-formalde-
hyde resin decomposition is in two stages, the first step involving predominantly the
cleavage of formal (-CH,~-O-CH,-) linkages and the second stage involves reac-
tions leading to graphitisation and (iv) the extent of cure depends on the nature of
the PF resin and can be ascertained from the optical densities ratio of peaks at 818
and 754 cm™ in IR spectra, the P/F ratio in the pyrolysates and also activation en-
ergies for decomposition.
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