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Abstract — The thermal degradation of polytetrafluoroethylene was studied in the hehum flowing atmosphere and
the temperature range 510-600C . The products of the thermal degradation of polytetrafluoroethylene were analyzed
by an on-line gas chromatograph and the product distribution was obtained. The products consist of tetrafluorcethylene
(TFE), perfluoropropene (PFP) and cyclic-perfluorobutane (c-PFB). Under most conditions the main product was TFE.
The ¢-PFB was regarded as the secondary product formed from TFE because the formation of ¢-PFB strongly depended
upon the degradation rate. However, the preduction of PFP was not related to the degradation rate. but it was influ-
enced by diffusion limitation of gaseous product in the sample matrix. These phenomena were also verified with
Curie-point pyrolyser. The results showed that the production of PFP reached a maximum point under diflusion
limitation condition. The degradation mechanism of polytetrafluoroethvlene was proposed in terms of unzipping mecha-

nism and other mechanism like radical chain transfer reaction.
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INTRODUCTION

Polytetrafluorcethylene (PTFE) represents the large use of ma-
terial in commercial production because of its high thermal stabil-
ity and solvent resistance {Hanford and Joyce, 1946; Renfrew
and Lewis, 1946; Lewis and Naylor, 1947]. The thermal degrada-
tion of PTFE has become a subject of both practical and theoreti-
cal importance and studied extensively during the past decades
[Park et al, 1946; Lewis, 1946; Young and Murray, 1948; Mador-
sky et al, 1953; Florin et al., 1954; Madorsky and Straus, 1960;
Florin et al, 1966; Wall, 1972; Choi and Park, 1976 Kim and
Rhee, 1980]. In recent years, however. a few researchers have
paid attention to the studies of the thermal degradation of PTFE
in view of the retreatment and recycling of waste polymer.

Since the monomer, tetrafluoroethylene (TFE), was known to
be the major product of PTFE degradation, many efforts were
made to obtain the maximum yield of tetrafluoroethylene for the
industrial application. The studies on the mechanism of PTFE
thermal degradation have been reported by several groaps [Lewis
and Naylor, 1947; Wall and Michaelson, 1956; Michaelson and
Wall, 1957; Errede, 1962; Goldfarb et al.. 1962; Siegle et al., 1964:
Madorsky. 1964 ]. Most authors demonstrated the unzipping mech-
anism, according to which perfluoropropene (PFP) and cychic-per-
fluorobutane (c-PFB) were produced by the secondary reaction
of TFE. the primary product of the thermal degradation of PTFE.
The unzipping mechanism can he briefly described as follows:

(CF.-CF.), — -CF.-CF,-CF.- + -CF.-CF.-CF.- (h
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-CF.-CF,-CF:+ — -CF.,-CF:-CF.- +C.F, (2)

-CF,-CF:-CF, + - CFy-CF-CF- — (CF-CF.), (3)

Some authors studied the reaction scheme of TFE and ¢-PFB
using TFE monomer at high temperatures (350-1027C ) [ Lacher
et al., 1952: Atkinson and Trenwith, 1953; Atkinson and Atkinson,
1957; Butler. 1962: Lifshitz et al, 1963; Drennam and Matula,
1968; Simmie et al, 1969; Preses et al. 1977 Buravtsev et al,
1985]. Various reaction mechanisms were suggested by the differ-
ent methods and conditions and the rate constant values were
also quite different.

The present study is based on our earlier work [Jun et al,
19957 and focused on the mechanism of PTFE pyrolysis. We pre-
viously reported that the rate of the thermal degradation of PTFE
increased with the increase of temperature and significantly in-
fluenced by the change of morphology. But the study was limited
to gain the mechanistic insight without examining the product
distribution. In this research the PTFE thermal degradation was
conducted under the inert atmosphere and the gaseous products
were analyzed. Curie-point pyrolyser was used to prevent the
effect of secondary reaction during the thermal degradation. The
reaction mechanism was investigated by the product distribution
and the effect of diffusion limitation on the degradation rate was
discussed.

EXPERIMENTAL

1. Flow Reactor System
The flow reactor system used 1 this study has previously been
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Fig. 1. Curie-point pyrolyser.

(A) oven (100C); (B) sample holder; (C) sample wrapped in
foil; (D) induction coil; (E) connector (100C)
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Fig. 2. Product distribution for the decomposition of PTFE (50 ml/
min, 515°C).

described in detail [Jun et al, 1995]. The reactor was a nickel
tube (2.54 cm dia. X128 cm long). The decomposition products
from the reactor were passed through KOH column in order to
remove solid particles and HF that might be carried along in
the gas stream. Then the pyrolysis products were analyzed by
the on-line gas chromatograph.

2. Curie-point Pyrolyser

Curie-point pyrolyser was used for utilizing the fact that ferro-
magnetic materials and alloys could not exceed a certain limiting
temperature (the “Curie-point”) when receiving energy from a
radio frequency field. This technique was used to obtain the de-
sired temperature (Curie-point) rapidly. The different pyrolysis
temperatures were achieved by selecting ferromagnetic alloys of
different composition.

The Curie-point Pyrolyser (JHP-2) was obtained from Japan
Analytical Industry Co. Ltd. A typical diagram is given in Fig.
1. The Part E was connected to gas chromatograph and the tem-
perature was kept at 100C . No products were detected in this
temperature. In order to obtain various Curie-point temperatures,
four different foils (500, 590, 650, and 690C ) were employed.
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Fig. 3. Product distribution for the decompesition of PTFE (150
ml/min, 564°C).

1 mg of sample was wrapped by Curie-point foil and the sample
was in intimate contact with the heating surface of foil. The sam-
ple was placed into the sample tube and then the sample tube
was purged with helium for a while to flush the hold-up gases.
The product gases obtained from the sample tube were detected
by the on-line gas chromatograph.

3. Differential Thermal Analysis

The thermal characterization of PTFE were performed by Dif-
ferential Thermal Analysis (DTA). Du Pont DTA cell-1200 connec-
ted to Du Pont Thermal Analyzer 990 were employed. For each
experiment 100 ml/min of N, carrier gas was used. The experi-
ments were carried out with heating rates of 10, 20, and 50
C /min.

RESULTS AND DISCUSSION

1. Product Distribution in the Helium-Flowing Reactor
In our earlier research the thermal degradation of PTFE was
explained on the basis of the diffusion limitation of gaseous prod-
ucts in the polymer matrix [Jun et al., 1995]. The diffusion limita-
tion was strongly influenced on the initial pyrolysis condition. Fig.
2 shows the decomposition rate and the mole percent of degrada-
tion products (except for TFE) as a function of time at 515C
and 50 ml/min of carrier gas flow rate. The mole percent of c-
PFB is changed along with the change of decomposition rate,
whereas that of PFP is not. The mole percent curve of PFP reach-
ed a maximum under diffusion limitation region. The PFP was
easily produced at the beginning of diffusion limitation when com-
pared with that at diffusion-limitation-free region. For instance,
the decomposition rates at 50 and 180 minutes are nearly same.
But the mole percent of PFP at 50 min 1s much greater than
that at 180 min. If we consider that TFE monomer produced from
PTFE degradation leads to secondary reaction to produce PFP
and c-PFB, then it can be expected that the products of PFP
and ¢-PFB increase with the increase of thermal degradation rate.
However, this is not seen in our experimental results. The produ-
ction of ¢-PFB depends on the degradation rate while the produc-
tion of PFP is strongly influenced by the diffusion limitation. This
is strong evidence that PFP is produced by a mechanism quite
different from the unzipping reaction. Fig. 3 represents a typical
decomposition rate at less diffusion limitation and high tempera-
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Table 1. Pyrolysis of PTFE by Curie-point pyrolyser

ﬁ‘empfv Time Initial weight Conversion 'Cﬂompositior, (mole %)

(C) (sec) {mg) (wt. %) TFE PFP ¢-PFB
500 3 108 01 w0 0 o0
4 1.12 0.2 100 0 0
5 1.07 0.2 100 0 0
590 3 1.04 0.7 69.4 222 3.4
4 0.93 0.9 68.0 235 8.5
5 0.96 1.3 69.7 231 7.2
650 3 1.06 53.2 67.6 182 14.8
4 0.99 58.2 67.9 173 14.8
5 1.60 65.8 66.5 177 15.8
670 3 0.86 72.2 69.7 161 14.2
4 1.00 776 70.7 153 135
5 086 831 698 172 132

ture (564C ). The mole % of c-PFB varies along with the variation
of decomposition rate. However, PFP rises to the maximum mole
percent under the strong diffusion limitation condition. From
these results we can conclude that PFP is influenced not by the
secondary product obtained from TFE but by the diffusion limita-
tion.

2. Curie-point Pyrolyser

The thermal degradation of PTFE was carried out using Curie-
point pyrolyser. This technique was used to avoid the effect of
secondary reaction because when the temperature reaches the
secondary reaction condition it has a possibility that the TFE
formed from the degradation could be converted into the PFP
and ¢-PFB. The product distribution obtained from the PTFE de-
gradation i1s shown in Table 1. Here, the conversion is explained
in terms of weight fraction of PTFE degradation.

Buravtsev used the TFE monomer as a reactant to produce
PFP and c-PFB products and reported that the production rates
of PFP and ¢-PFB were 2nd and 2/3th order with respect to TFE
concentration, respectively ~Buravtsev et al., 1985]. He suggested
that the production rate of PFP and ¢-PFB depended upon the
concentration of TFE. This differs from our reaction in that no
PTFE degradation occurs. If only TFE is produced from PTFE
and the reaction of TFE follows Buravtsev’s suggestion, then it
is expected that the amount of ¢-PFB obtained from PTFE degra-
dation is larger than that of PFP because the product rate of
¢-PFB is much faster when compared with that of PFP. However,
the noticeable difference in our experiments is that the amount
of PFP is much larger than that of ¢-PFB. These experimental
results do not support the proposition of Buravtsev that the PFP
and ¢-PFB are obtained from the secondary reaction of TFE. it
shows that the products of PFP and c-PFB are not related to
the initial sample weight or conversion. Therefore, it 1s important
to note that the secondary reaction does not occur on the sample
surface. It can he explained that the product gases of PTFE de-
gradation 1s diffused out from the sample surface and that the
diffusion rate of PFP is slower than that of TFE but much faster
than that of c-PFB [Goldfarb et al., 19621. Thus the concentration
of PFP at the sample surface can be much larger than that of
c-PFB.

An effort to obtain more information can be tried in this experi-
ment. The product distribution was considered with various tem-
peratures (Curie-points). At relatively low temperature (500C)
a small amount of TFE was produced. No other products were
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Fig. 4. Differential thermal analysis for PTFE.

found. On the other hand, at higher temperature (above 59%0¢C )
the main product was TFE with coproducts PFP and ¢-PFB. This
is quite different from that obtained at 300C . The production
of TFE 1s predominated at low temperature. But the composition
of TFE is not much changed as the temperature increases.

The conversion has some impact on the diffusion of the product
gases. For example, the conversion of PTFE at 590C was as low
as 1% and it was considered that the diffusion of the product
gases was restricted. Therefore. it has more possibility that the
diffusion of PFP is much easier than that of c-PFB. However,
when the conversion of degradation increases with the increase
of temperature, it is explained that the diffusion limitation is par-
tially restricted. So it is considered that in this condition the
amount of ¢-PFB increases while the amount of PFP decreases.
These results are in good agreement with our earlier results [ Jun
et al, 19951, Even though the production of PFP was under diffu-
sion limitation, the rate constant in our experiment is much larger
than those reported in the literature.. This shows that the results
are compatible with those obtained from DTA experiment (see
below). It indicates that the bonding of C-F is readily broken to
produce F transition product like PFP at high temperatures. It
clearly shows that this phenomena occurs under diffusion limita-
tion conditions.

3. Differential Thermal Analysis

The PTFE was analyzed by thermal analysis DTA to observe
the behavior of the thermal degradation. DTA curves with various
temperature program rates (10. 20, and 50C /min ) are shown
in Fig. 4. Each curve shows the heat adsoration peaks at near
336C because of its melting point. The melting points are little
shifted to the higher temperature with the increase of heating
rate. The figure shows that the real thermal degradation occurs
at about 492C with a temporal minute exotherm in the beginning
of degradation.

As expected the DTA curve irregulanty at heating rate of 10
C /min is less than others (20 and 50C ). Even though the heating
rates are different, the pyrolysis curves are almost identical. In
the beginning of degradation the curves represent the slow cha-
nge which is attributed to the less progress of PTFE degradation
whereas at little higher temperatures (above 580C ) the curves
show the rapid change which is attributed to the much active
degradation. It can be expected that the weak bond of PTFE is
dissociated at the beginning of degradation while the much strong
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Table 2. Kinetic parameters of reactions (11), (12) and (13)

. Preexg(;nential - “Activation Temver-
Reaction
eq. term (1/mole sec) energy ature Ref.
o or (secl) (kcal/mole) range (C).
an 165X 10° 263 288466 a
10.3x 10 254 300-590 b
10+ 240 360-560 C
104 256 300-135 d
1074 25.1 300-155 d
[{ 26.5 300-155 d
0% 314 679-1027 e
(12) 89x 10" 74.1 300-390 b
10" 74.3 360-360 ¢
2.1X10™ 74.3 767-927 f
10 75.5 827-992 g
10174 794 697-1027 e
(13) 3.9x 10" 79.1 300-590 b

a) Lacher et al., 1952; b) Atkinson and Trenwith, 1953; ¢) Butler,
1962; d) Drennam and Matula, 1968; ¢) Buravtsev et al, 1985; f)
Lifshitz et al, 1963; g) Simmie et al., 1969.

bond of PTFE such as C-F bond is dissociated through the further
degradation at the higher temperatures.
4. Mechanistic Implication

The pyrolysis of PTFE has been studied for many years in
terms of the unzipping mechanism. However, this is not so clear
on the PFP product obtained from these experiments because
it has three carbons and the carbon-carbon double bond. Many
attempts were made to corroborate and expand the unzipping
mechanism.

Goldfarb reported that the reactions occurring during the initial
stage involve the scission of the polymer chain and then the large
molecules proceed further to smaller molecules which is readily
diffused out from the sample surface [Goldfarb et al, 1962]. He
mentioned that the pyrolysis of PTFE somewhat involved in the
breaking and making of C-F bond. Thus the chain transfer reac-
tion could be a relative importance to understand a detailed mech-
anism.

Our experimental results have also revealed that the production
of PFP could not be explained by unzipping mechanism only. The
production of PFP was maximized at strong diffusion limitation
region, while that of c-PFB was maximized at quite different con-
dition. In order to gather sufficient evidence and to elaborate
further on the degradation, we can generally invoke the radical
formation of CF. that reacts with another radical or other mono-
mers. According to Errede, CF, radical was produced from the
pyrolysis of PTFE because it has less bond dissociation energy
(44 kcal) in the radical chain and then reacted to produce TFE,
PFP and c¢-PFB [Errede, 1962]. The CF, radical is known to be
a relatively stable intermediate because of its long lifetime (about
1 sec) [Laird et al., 1950]. He reported that C-C bond dissociation
energy of PTFE degradation was 86 kcal/mol and it could be
calculated by the bond dissociation energv equation based on ra-
dical:

86 8 85 78 44 kcal
R - CF, - CF, - CF, - CF, - CF, -

Atkinson et al. reported that at lower temperatures (below 550
C) TFE produces only c-PFB, whereas at higher temperatures
(above 550C ) TFE produces both PFP and ¢-PFB [Atkinson and
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Trenwith, 1953: Atkinson and Atkinson, 1957]. He suggested that
the results were explained in terms of the following simplified
mechanism:

2CF, — CiFs (1n
CFy — 2C,F, (12)
CF. — CFi+.CF» (13)
:CF,+C.F, — CiF (14)
CFy — C.F,+ .CF, (15)

The reaction orders for Egs. (11) and (12) are second and first,
respectively. The reaction parameters for these reactions have
been demonstrated by several groups and are given in Table 2.
It also supports that the c-PFB is regarded as secondary product
formed from TFE.

From our results, the following reaction sequence can be sug-
gested. Initially the degradation undergoes the random scission
of the polymer chain to give the formation of radical chain. The
radical chain generated may induce smaller radicals such as CF,
due to the low bond dissociation energy. Then, the CF. radical
intermediates as reactive species react with another radical or
a monomer molecule to form a new radical chain or monomer
size products (TFE, PEP, c-PFB). An alternative fate of generated
radicals might be an attack on C-F bond in a chain reaction leading
to the formation of another radical chains involving CF,=CF-CF.-
R. However, it is expected that the radical of CF, under the diffu-
sion limitation conditions is captured inside the pore for little
longer time and then initiates further radical reaction leading to
the more production of PFP. It can be explained that the vacuum
pyrolysis of thin samples of PTFE caused mostly tetrafluoroethy-
lene because the radicals are readily diffused out from the sample
surface. Thus, the product distribution can be understood on the
basis of the CF, radical reaction in addition to the unzipping chain
transfer reaction.

CONCLUSION

This study suggests that PFP is produced not from the secon-
dary reaction of TFE, but from the CF, radical and the chain
transfer reaction of PTFE thermal degradation. Our results also
reveal that the product distribution is influenced by the gaseous
pyrolysis products held inside the sample pores and that the in-
crease of PFP product is strongly related to the diffusion limita-
tion of the gaseous product. From these results, it is Expected
that the thermal degradation of PTFE at atmosphere pressure
can be explained in terms of the involvement of reactions genera-
ting radicals in addition to the unzipping chain transfer mecha-
nism.
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