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Synopsis

A new technique of pyrolysis gas chromatography was used for the investigation of
pyrolysis of phenol formaldehyde polycondensates and useful information about the na-
ture of the chemical bonds and their relative strengths in these polycondensates were ob-
tained. It was also found that by identifying only one of the pyrograms of a series of
homologous compounds produced by the pyrolysis of polycondensates, all the pyrograms
of the series were easily characterized and correspondingly the number of components in
each series were identified. ‘

INTRODUCTION

An investigation of the manner in which the chemical bonds of a pheno-
plast specimen are broken during consecutive pyrolysis allows the deter-
mination of the nature of the broken bonds, as well as their relative
strengths. From the diagram of the variation of the pyrogram (chromato-
gram) peak area, corresponding to each component (compound), versus
temperature, it is possible to identify the peaks representing homologous
compounds possessing common functional groups. With the aid of such a
diagram and the assignment of only one of the peaks, it is possible to iden-
tify all of the peaks belonging to the same group.

EXPERIMENTAL

Preparation of Resins

Resins were prepared from the condensation of phenol, any of the cresols
(0-, m-, p-) or mixtures of 0- and p-cresol of various proportions, with formal-
dehyde in a molar ratio of 2 to 1.6, using sulfuric acid as a catalyst. The
products were purified of any traces of water, catalyst, and reactants.!—5

GC Instrument

The pyrolysis products were identified by a GC instrument which oper-
ates with a flame ionization detector. The column used was 6 ft long, i.d.
1/gin., packed with a mixed phase of 109, DC/200 silicone oil and 59, DC/
11 on Chromosorb W (60-80 mesh). The column was heated from 60° to
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(a) (b)

Fig. 1. (a)(1) Injector; (2) copper tubing; (3) pyrolysis chamber: (4) Teflon tubing
for the carrier gas; (5) Teflon fittings; (6)joints. (b)(1)Teflon coating; (2) copper elec-
trodes; (3)screws; (4)wooden body of the holder; (5) Teflon coating; (6) rubber sheet;
(7) filament coil.

210° C by linear temperature programming. The injector temperature
was set at 240°C. The carrier gas (N,) was flowing at the rate of 22 ml/
min; hydrogen was flowing at 25 ml/min. The chart speed was 38 ecm/hr.

Pyrolysis System

The pyrolysis system® used (similar to that of Reference 8) functioned
via Ni~Cr coil filament (80 mm long, 0.5 mm in diameter). The coil re-
sistance was 0.47 ohm, and its inner diameter was 2.8 mm, which was heated
electrically. The pyrolysis temperature of the system was calibrated by
using the melting points of 1-mg samples of pure inorganic salts, at different
currents.”®? The pyrolysis chamber,® which was heated up to 200°C,
was made of brass which is shown schematically in Figure 1a and 1b (bot-
tom part is not shown).

RESULTS AND DISCUSSION

To avoid any trace of impurities, the coil filament was heated at 1000°C
for 30 sec under nitrogen, and then cooled, and a sample of ~4 mg was
placed!! inside the coil and heated for 15 sec at 260°C to remove impurities.
Each sample was heated from 300° to 900°C at 100°C intervals for 15 sec,
and the corresponding pyrograms (chromatogram) were obtained at each
temperature. Figures 2 to 7 show such pyrograms. By plotting the area
of each peak against the temperature, diagrams of the type shown in Figures
8 and 9 are obtained (the diagrams representing the pyrolysis of the phenol-
formaldehyde resin at 300° and 400°C are not depicted).

Two series of curves can be distinguished in these diagrams: (a) those
related to the phenolic components, whose maximums occur around 600-
620°C, and (b) those belonging to aromatics with their characteristic maxi-
mums centering around 720-730°C. A -tailed curve with a maximum
located at higher temperatures can as well be seen, which belongs to small
volatile hydrocarbons.

With regard to the first series, phenol, the major product of pyrolysis,
appears initially at ~500°C, an.1 the amount o- and p-cresol and othe1
phenols are negligible. As the temperature is raised, other phenols start to
appear. In general, the amount of phenols, which are products of methyl-
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Fig. 2. Pyrogram of o-
cresol-formaldehyde  (acid

catalyst).
10
12
{
it
4
l 13
7
5
i g 4 516
;JL 3 Pmnme 126

Fig. 4. Pyrogram of p-
cresol-formaldehyde  poly-
condensate (acid catalyst).
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Fig. 3. Pyrogram of m-
cresol-formaldehyde  poly-
condensate (acid catalyst).
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Fig. 5. Pyrogram of
o-cresol, p-cresol (75:25)
formaldehyde  polycon-
densate (acid catalyst).

ene bond cleavage, passes through a maximum and then drops rapidly as
the thermal degradation proceeds gradually.

At 550°C, aromatics and other small hydrocarbons start to appear, their
thermal degradation going through a maximum with increase in tempera-
ture. Production of aromatics involves the separation of —OH groups
from the aromatic rings besides the cleavage of the methylene bridges.
Their maximum, therefore, could be attributed to the rupture of the Ar—

OH bond.
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Fig. 6. Pyrogram of Fig. 7. Pyrogram of
phenol-formaldehyde Bakelite (basic).
poylcondensate (basic
catalyst).

Methane, the predominant species among the small hydrocarbons, has its
maximum of production at a temperature higher than those of aromatics.
The charred residue which remains after each test reveals the breaking of
C—H bonds and the transfer of hydrogen and its adoption by the free radi-
cals produced during the pyrolysis process.

CONCLUSIONS

With diagrams of the type represented in Figures 8 and 9 and a knowledge
of only the curve of one of the phenols and one of the aromatics, it is possi-
ble to identify all the respective peaks in the diagram. This can be ac-
complished by determining the series of curves on the diagram to which the
pyrogram peaks belong. It is also possible to explore the nature of the
broken bonds during the pyrolysis, as well as the appropriate temperatures
of the bond cleavage, which allows one to compare their relative strengths.
An investigation of the resin obtained from a mixture of o- and p-cresol (in
a proportion of 75 to 25) and formaldehyde, as shown in Figure 9, supported
our predictions.

From the number of the curves related to each series, one can find the
number of homologous compounds. For instance, all the pyrolysis prod-
ucts whose maximums fall on the left side of the diagram (Figs. 8 and 9)
and are located in the same thermal range represent the phenolic compound,
while those on the right with their maximums in another region represent
aromatics.

With application of the gas chromatograph—mass spectrometer (GC-MS)
and with the aid of such diagrams, each constituent of the pyrogram, iso-
mers, and their molecular structure can be identified (GC-NMR is helpful
for the isomer identification).
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Infrared spectroscopy does not seem to be a promising method for the
analysis of the pyrolysis products, because in combined GC-IR equipment,
phenolic OH may be determined only under certain limited conditions (due
to lack of knowledge about the presence or the absence of hydrogen bonding
and the shift of the absorption band as a result of neighboring groups, which
are even more complicated in phenolic compounds). On the other hand,
the above diagram, as noted, yields the total number of phenols as well as
aromatics.

The diagrams of o- and p-cresol-formaldehyde resin, as depicted in Figure
9, consist of two series of curves: (1) those whose maximums are in the
range of 450-470°C; and (2) those whose maximums are in the 590-610°C
region. By tomparing the respective diagrams of the phenol-formaldehyde
resin with those of o- and p-cresol-formaldehyde resin, it is found that the
corresponding maxima of the latter are located about 140°C below those of
the former, which simply reflects their structural differences, i.e., the pres-
ence of methyl groups (instead of methylene bridges in the three-dimen-
sional network of phenol formaldehyde) which results in a linear polymer;
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lack of molecular orientation due to the absence of symmetry in the cresol
units in the polymer chain; and finally, most important of all, the inductive
effect of methyl groups which causes the formation of more stable free radi-
cals compared to those formed from the cleavage of the methylene groups in
the phenol-formaldehyde resin, which in turn results in faster degradation
of the o- and p-cresol formaldehyde resin. Besides, the decrease in the
phenol content and the increase in the phenolic derivative contents in the
pyrolysis product of the o- and p-cresol-formaldehyde resin supports the
notion that the Ar—CHj; bond is stronger than methylene bonds.
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