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A study was made of t he thermal behavior in a vac uum of polystyrcne, polytetra flu
oroethvlcne, poly (a-met h y 1 s tyrcne), polypropylene, polyisobutylen(', and poly (methyl 
methacrylate), when pyrolized at 500, 800, and 1,200 .0C. The volatile products of degra
dation were collected and fractionated, and the fractlOns analyzed by mass-spectrometn c 
and microcryoscopic methods. Generally, the results from 500 °0 pyrolysis resemble 
those obtained prev ious ly from t he same polymer at lower temperatures. The resuILs at 800° 
and 1 :200° indicate a much greater fragmentation of the pyrolys is products than at lower 
temp~ratures. Thus, for example, at 1,200° polystyrene yields less monomer but co n
sidcrable greater amounts of 0 2H2, 0 21-14, 0 3H" and OsI-Is than at lower te mperatures. Simi
larly, poly(a-methylstyrcnc) yields 100 percent monomer below 500 °0 , but at 800 and 
1,200 °0 t he yields are 88 percen t an d 34 percent, respec t ively. A lso at the higher temper
atures, pronounced amounLs of Hz, 0I-I4, OzH2, 0 21-14, 0 3H" 0 3HS, O,H" 0 6I-I6, O,Hs, and 
OsT-l s are formed. 

1. Introduction 

While the literature contains a great deal of in
formation on the beh:wior or polymers at temper
atures up to about 500°C, little is known abou t 
their behavior above this temper ature. N n,tural 
crepe rubber wn,s pyrolyzed up to 700 °C (1),1 
smoked crepe up to 650 °C [2], and polyisoprene 
up to 900 °C [3]. In all these experiments it was 
found that a higher temperature of pyrolysis pro
duces a greater yield of isoprene in the degradation 
products [3, 4]. 

In the past few years a number of applications 
have been mn,de of organic polymers as protecLive 
coatings for bodies subjected to very high tempera
tures. They have been used, 1'01' example, as the 
covering of the nose cones of missiles and satenites 
which develop considerable amounts of heat through 
friction with air at high velocities, and as the lining 
for the inner surface of nozzles Lhat come in contact 
with the hot exhaust gases in jet propulsion. These 
applications have stimulated research on the thermal 
stability of polymers at high temperatures. In 
these investigations the heating of the materials 
has oHen been accomplished by means of an electric 
arc or by a stream of hot gas. However, in most of 
these experiments tbe polymeric materials were not 
in the pure state but contained extraneous materin,ls 
such as carbon, glass, asbestos, etc. The products 
of degradation , therofore, consisted of a complex 
mixture of molecular fragments coming not only 
from the polymer but from the extraneous material 
as well. The gases from the arc or hom the hot gas 
stream were an addiLional source or contamination 
of the products. This made it very difficult either 
to anlyze the products of degradation or to interpret 
the chemical reactions involved. 

Studies were recen t ly made by the present authors 
on the pyrolysis or polymers in a vacuum and, in 

1 Figures in brackets indicate t ile literature references at tbe end of this paper. 

some cases, in a helium atmosphere in the t,empera
ture range of 500 to 1,200 °C. The polymers thus 
investigated were: polystyrene up to 850°C, and 
polyacrylonitrile, poly(vinylidene fluoride) , n,nd poly
trivinylbenzene up to 800°C [5]; polymethylene, 
poly(vinylidene fluoride), and polytrivinylbenzene 
up to 1,200 °C [6] ; and silicone, phenolic, epoxy, 
and ester resins up to 1,200 °C [7]. Th e present 
investigation extends the program to cover a few 
simple vinyl polym ers at temperatures ranging hom 
400 to 1,200 °C. These polymers include polysty
rene, polytetrafluoroethylen e, poly (C\'-methylsty
rene), polypropylene, polyisobutylene, and poly 
(methyl methacrylate). 

2. Materia ls Used 

The materials used h ad the followin g cha,ract eris
tics: 

(n) Polystyrene. Thermally prepared. Molecular 
weight 230,000, as determin ed by Lhe osmotic pres
sure method. 

(b) Polytetrafluoroethylene. Teflon tape 0.07 mm 
thiclc Molecular weight not known, but estimated 
to be very high. 

(c) Poly (C\' -methylstyrene) . Flaky material ob
tained from the Dow Chemical Company. Prepared 
by low-temperature polymerization. Molecular 
weight 350,000, n,s determined by light scattering. 

(d) Polypropylene. Fine white powder obtained 
from B . F. Goodrich Company. Prepared by the 
Ziegler method. Molecular weight between 50,000 
and 100,000. 

(e) Polyisobutylel1e. Pure grade white gum. Cur
rently used as a National Bureau of Standards stand
ard material for viscosity measurements. lVIolecular 
weight 1,560,000, as determined by the light-scatter
ing method. 

(f) Poly(methyl m ethacrylate). Prepared from the 
monomer at room temperature without the use of 
catalysts . Molecular weight 5,100,000, as deter
mined by light scattering. 
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3. Apparatus and Experimental Procedure 

The apparatus used in the pyrolysis studies was 
the same as that used in the pyrolysis of polytrivinyl
benzene and other polymers [6, 7] , except that the 
fused quartz tube holding the sample tube was re
placed with a platinum tube. Samples weighing 15 
to 30 mg were heated in a vacuum by quickly moving 
a preheated furnace into position surrounding the 
sample for pyrolysis. For temperatures of 500°C or 
lower a 5-min period was used to heat up the sample 
from room temperature to the temperature of pyrol
ysis , followed by a 30-min period at the pyrolysis 
temperature. Fluctuation of the final temperature 
was ± 2 °C. For higher temperatures a 2-min pre
heating period was followed by a 5-rnin heating pe
riod at the required temperature, and fluctuation of 
the operating temperature was ± 5°C. The residues 
were weighed, and the volatile products were col
lected and fractionated. The following volatilized 
fractions were obtained: (a) A waxlike fraction, desig
nated as Vpyr, volatile at the temperature of pyrolysis , 
but not at room temperature, and consisting of large 
molecular fragments deposited in the apparatus just 
beyond the hot zone; (b) a light fraction, V 25 , volatile 
at room temperature, collected in a liquid-nitrogen
cooled trap; and (c) a gaseous fraction , V - 190 , not 
condensable at the temperature of liquid nitrogen. 
In some cases a fraction, V - so, volatile at the tem
perature of dry ice, was also collected. Analyses of 
fractions V 25 , V -so, and V- 190 were made by means of 
a mass spectrometer. 

4 . Experimental Detail 

4.1. Polystyrene 

TA BLE 1. Pyrolysis of polystYTene in a vawum 

Weight Temper· VolatiJi· 
Fractions based 011 total 

volatilized 
Experiment of ature zation 

sample 
V-l !10 

-----·1----1---------------- ----
my ° 0 % % % 

1. ....•......... 14. S5 400 9S. S 46.9 53.1 
2 . ......... . .... 14.25 400 99.0 43.3 56.7 
3 .......... 20.4 500 100.0 36.5 63.5 
4. ...... . . . ....• 19.9 500 100.0 3S.6 61.4 
5'·"'·"'·' ··'·1 17. 9 SOO 99.7 2S.2 71. S 
6 . .. ....... ..... 16. 7 SOO 100.0 22. S 77.2 
7 ..... . ........ . 19.5 1200 9S.0 34.4 65.0 
S ... . ........... 13. 4 1200 9S.1 33.6 66.0 

TABLE 2. Pyrolysis of polystyrene in helium 

% 

0. 6 
.4 

Products based 011 
Weight Temper· Volatili· total vola tilized 

Experiment of ature zation 
.sample 

- - ---1---------------
mq °C % % % 

9 ......... . ..... 19. 6 500 100.0 35.2 64. S 
10 ... . .......... 15. 7 500 100.0 2S. 4 71.6 
11 .....•.•.....• IS. 7 SOO 9S.5 40. 0 60.0 
12 .............. 16.6 SOO 99.1 39. S 60.2 
13 .....•........ 16. 1 1200 95. 3 74.6 25.4 

• Fraction 1'-19' could not be separa ted from the helium. III v aeuum pyrol· 
ysis 1'- 190 appeared in small amounts only at 1,200 ' 0 (table 1) . Here fract ion 
V - l OO is included in V'pyr. 

TA BLE 3. Analysis of volatile prodllcts from pyrolysis of 
polystyrene in a vaCllllm 

At 400 ' 0 At 500 ' 0 
Componenta 

A t 800 '0 At 1,200 °C 

No.1 N o. 2 NO. 3 No. 4 Ko. 5 N O.6 No . 7 No.S 
------1------------------

% % % % % % % 
H 2 .. . .•. .. ....... . .. _ .. . . .. _ . . ...... . .. . ..... . .... . _.. . • ..... 0.1 
C,H , ............ _ ... ... _ .. _ ..... . ....... _ ... _ .... _. .. .. .. ... .1 

% 
0.1 

C,R , . ..... _ . . ..... ..... _ . • _._... . ...... ...... . ...... . ...... . 5.6 4. 2 
C,lI, . . ...... . ..... . .... _ .. . ............ . ......... _... 1. 6 3. 6 5.0 
C,H ,. . ....... . .... ... . ... ....... . . ..... ....... ...... . 0.4 1. 5 3.0 
C ,Il,.............. 2.0 2. ~ 1. 5 0.5 O. 8 1. 6 6.2 7. 1 
C ,lIs.............. 4.0 3.6 I. 1 3.4 I. S 3.9 0.6 I. 5 
CsI·k .... . ..... . .. 46.5 50.0 56.4 51. 4 47. 4 47.5 41. 6 41. 1 
CslI" . . ........... 0.2 0.3 ........................ .... _ ........... __ 
C,Hlo.. . . ......... .4 .5 4.5 Il. 1 21. 8 22. 2 G.3 4. 4 
17p".... ........... 46. 9 43.3 36.5 3S.6 2S. 2 22. S 34.4 33. 6 

TotaL....... . . . . 100. 0 100.0 100.0 100.0 100. 0 100.0 100. 0 100. 0 

, Components are in weight percent of total volat.iles. 

It was shown in an earlier study [5] on pyrolysis of 
polystyrene at 362 and 850°C in a vacuum, and in 
helium at atmospheric pressure, that a higher tem
perature, a higher pressure, or both, cause a greater 
fragmentation of the volatile products. This study 
has now been extended to temperatures up to 1,200 
°C. The volatile products were collected and frac
tionated in the usual manner, and the more volatile 
fractions were analyzed in the mass spectrometer. 

Distribution of fractions from pyrolysis in a vac- TABLE 4. 
uum at 400,500,800, and 1,200 °C is shown in table 1, 

Analysis of volatile prodllCts from pyrolysis of 
polystyrene in helium 

and from pyrolysis at similar temperatures in he-
lium, in table 2. Results of analysis of the volatile 
products from pyrolysis in a vacuum are shown in 
table 3 and those from pyrolysis in helium are shown 
in table 4. As seen from tables 3 and 4, the yield of 
monomer CsH s from vacuum pyrolysis decreases 
with increase of temperature, while in pyrolysis in 
helium the decrease is so drastic that at 1,200 °C 
only 0.6 percent of monomer is produced. 

There is some discrepancy between the results 
shown in tables 1, 2, 3, and 4 of this paper and those 
obtained previously at 362 and 850°C [5, 8]. How
ever, this may be due to the fact that in this work 
the time of collecting fraction V25 by means of liquid 
nitrogen was 3 hI' instead of the 1 hI' in the previous 
work. The longer period of collection of V25 was 
used in all the experiments described in this paper. 

At 500 ' C At SOO ° C At 1,200 ' 0 
Componenta 

No.9 No. 10 No. 1l N o. 12 No. 13 
-------_.----- - ----------- ----

% % % % % 
C,II,.. ..... . ............ 0. 1 .......... . ........... _..... . . 0.6 
C,H, ............... . . . .... .. . . . .. . ... .. ..... 8.5 5.8 2.6 
C,H , .. . . . . .... _.... . .... ... ... . .. . .... ...... . .... . .... 0.4 0.2 
CsH ,... . ................ . .• ... . .. . ... . ...... 0.2 .. _ ... . . _ .. _ . . . _._ . . . . 
C ,lI" .. •.. • . . ..... .. .... ... . •..•.. 3.5 
C,Il IO . ... . ......... . ............... . ................. . ....... . _ .. _ ... _ ... . __ 
C ,Il, .. . ... _............. . 7 I. 4 16.2 15.5 12.5 
C ,T-Is. . ..... ... .. . ....... 5.5 12.5 7.7 7.2 1.3 
C,II".. . ..... . .......... 0.9 0.6 .. _ ..... _ . •.... _ .. .. . _ 
CsHs. .. ......... . .. . .. . . 52.7 49.1 8.8 12.5 0.6 
CsH IO . .... . .. ..... . ...... . ... . ..... . ........... . .... _. O. S .... .. . _ .. . _ 
CsH ". . . ..... . . ...... . . . 0.4 ............. . . . .. _ ... _ . .. .. _ . .. . . •.. _ ..•• 

~::~~ .. t~~~=====~ = = ===:: = 3U 2~:! !~: g ~~J 7~: ~ 
TotaL . . .•. ..•....... ~ ~I----wo.o-~ 100.0 

• Components are in "eight percent of total volatiles. 
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4.2. Polytetrafluoroathylene 

IL was shown in our previous work [9J thn L poly
te traJhlOl"oethylene (T efl oll ), wh en p.n olyzecl in a 
vacuum at temperatures lip to 5:38 DC, yields a bout 
95 percent m.onom er. In tbe present work lhe effect 
0 [" higher temperatures of pyrol.vsis Oil th e nature 
a nd rela tive amoun ts of th e voll1 ti los is rove~ll ecl . 
Distrib ution of fractions and a nalysis of vola t ile 
products are sbown in tables 5 ~LI1d 6. The HE' 
i ll tlte products at 1,200 DC was cnlcub. tecl from th e 
mass s pectrometer a nalysis of SiF4 , wb ich forms in 
th e r eaction of HF wi th glass in til e presence of even 
a trace of H 20 . In contrast wi th low-temperature 
pyrol.\~sis , the products [rol11 p~TroJysis at higher 
temperatures cOll t~Lin , in addition to monom er , 
cOll siderable unlollnts of larger fragments collec ted 
as fraction Vp yr . 

T A RI"E 5. P yrolys1:s of pol!J t e t 1"(~ (llloroeth ylene i n a vacuum 

\\' eight o f Tempera.- \ rolati li za-
]~x pcrimc n i sa mple Lu re l ion 

- ------ -

m{/ °G % 
L .. ~.~ .... ~.~ .. ~ 24. 7 500 17.2 
2 ... ~.~~~_ ... __ ~. 20.2 500 16. 1 
3 .. ~ .. ~~. ~.~. ~. _. 14.1 800 99 7 
4 • . ~~.~ .. ~.~.~ .•. 8.6 800 100 
5 • . ~~.~ ..•...... . 10. 9 J200 100 
6 .. ~~ .... ~ ....... 10.7 1200 100 

a Fraction \ '-190 appeareu in t race a mounts. 

FrarLions i)aSt'd Oil 
lotal \'o ialili 7cd H. 

\ 'pyr \ "'2~ 

% % 
0 100 
0 100 
0 100 
1. 8 98. 2 

11 .8 88.2 
15.9 84. 1 

T A B LE 6. Analysi s of volati le pTodllctS /Tom p yrolysis of 
polytetrajlu oroethylene i n a vaCllwn 

A t 500 °C At 1,200 °C 
Component a 

~0. 1 N~2 ~0.3 N~ 4 No.5 No.6 
-------1-~----.. - ---- ---- -------

% % % % % % 
III" . ~. ~ _._ ... ~. ~ ~ .. ~. ~ 0 0 0 0 0.2 0.5 
C F ._. ~.~~ .~.~.~ ... ~.~ 1. 5 1. 2 1. 6 1. 8 1. 7 2.6 
C2F 4 __________________ 94.8 9,;. 1 92.5 89. 9 81. 0 75.2 
C 3F tI __ ________________ :l.7 3.7 5.9 6.5 5.3 .1.8 
F pyr __________________ a a 0 1. 8 1l.8 15.9 

TotaL_ .~.~.~ ... _.~ 100. 0 100. 0 100. a 100. a 100. 0 100. 0 

a Co mponents are in " eight percent of tota l volatiles . 

4.3. Poly (a-methylstyrene) 

'1Vhen heated in a vacuum a t t emperatures below 
400 DC, poly (a -me thy ls tyr ene) decomposes almost 
completely into monomer [10J. The effect of a 
higher temperature on the distribu tion of fractions in 
the pyrolysis of this polymer is shown in table 7. 
Considerable amounts of fractions Vp y r and V - 190 are 
produced at th e expense of fraction 1725 . This effect 
is even m ore clearly indicated in table 8, where 
analysis of the vobtile fractions from pyrolysis of the 
polym er is shown . 

4.4. Polypropylene and Polyisobutylene 

Pyrolysis of these two polym ers in a vacuum h as 
been studied previously a t temperatures up to about 

645080-62--3 

400 DC. For polypropylen e th e yield of monomer
size molecules, fraction V 25 , is abou t 14 percen t [11] 
and for polyisobutylen e fLbout 32 percen t [4]. At 
hi gher temperatures fractions V2.; are produced in 
larger a moun ts, as shown in tables 9 and 10. 

T A BLE: 7. P YTolysis of polY(Ol -methylstyrene) in a vacuum 

Weight T {' mf)cr- Am oun t 
F ractions hased on total 

volati li zed 
Experiment of a ture cf ' ·ola t il· I ___ -,-__ --, __ _ 

sam pic ization 
" pyr 

-----1---------------- --

% % % o o L .. ~ .... ~.~. __ ~ 
2 .•••..•••• ~._ .. 
3 ..... ~ ....... ~. 

111.(1 
10. 2 
11. 3 
8. 0 

10. 1 
7.9 
8. 2 

°C 
500 
500 
800 
800 

1200 
1200 

99. a 
99.4 

100. 0 
100. a 
98.7 
99. 4 

o 
11. 2 
5. 4 

% 
100 
100 
88. 7 
94.3 
54.2 
61.1 

o 
0. 1 

4 ..... ~ ..•. •• ~. ~ .3 
5 .. ~ .. ~ ......• __ 
6 . . ~~.~ ....•. __ _ 

34.3 
32.6 

11. 5 
6.3 

T A BLE 8. Analysis of voLatile products f1'01n p yrolysis of 
poLy (a - methylstyrene) in a vacuwn 

A t 500 ° C A t800 °C At 1,200 ° C 
Compo nent a 

~o . I N O.2 No.3 No.4 No.5 No . 6 
-----1------------------

% % % % % ~ 
I J, .. •• .• • _._~~_. __ ~~ .. ~~~~ ~ ~~.~~~~~. 0.1 0.1 1. 7 I. 3 
C I I I . . ~ .. _ ... _~~ .~~~.~~~~~ ~~~~~.~~~. .3 . 3 5. n 3. 1 
C, I I , .. • •. ___ . ••.• ~~.~ ____ ~~_ . . ~_~~. ~ . • ~~~~~._ ~~~ .. ~.. .. 0.8 0. 7 
Cd k . . . _ .. __ .~ _ ..... __ ._ ~._~._~~~. .5 . 1 3.8 3. ~ 
C3I1.. •..•.•. • .. • ~ .• .• _ . .•. • _ .• __ . ~. .8 .3 1. 0 1. 8 
C31 [ , . • ..•. ~ ....•..•.• _ .••.. ~ . •• _._. .8 .2 0.7 0. 4 
C4 1 1.1___________ __ ____ ____ __________ __________ __________ .5 1.9 
C, II , ... ~~~~ __ ..... ~ .. ~ .. ~ .. ~ ..• ~... 2. 0 1. 1 9.3 13.3 
C, 1I 8.~ . . ~~~.~ .. ~~.~ .. ~ .. ~ .. ~~ .. ~ ... 0.4 0. 3 6. 1 3.6 
C' 1I 8 ..... ~_.~ .. ~~.~ .. ~ .. ~ .. ~ . .. ~~.~ .~~ ... ~~ ._ ~ _ .. ~~.~.. 2.6 4.2 
C, II " ... __ ._.~~~ 100.0 100.0 83.9 92. 2 33.6 33.9 
l ·p" ... ~_ .. _ .. _. 0 0 11. 2 5. 4 34.3 32.6 

T otaL. .. ~. _.. 100. a 100.0 100. 0 100.0 100.0 100. 0 

a Co mponents are in weight percent of total volatiles. 

T A BLE 9. P yrolysis of poly propylene in a vaC1Hon 

Weigh t Temper· Vola ti l· 
Experiment of sample aturc ization 

F ractions based on to tal 
voi<tt ilized 

11"- 1110 

-----1------------------
my 

L_~_ . __ ~_ • • ~~.. 10. 0 
2~~._~~_~~~. ~ _.~ 10.5 
3~~_~~~_~~~.~~~~ 11. 0 
L~_~.~.~~~~~~~~ 9.6 
5~_.~~~_~_~~~~~~ 9.4 
6~~.~~ ~~ ~~ ~ ~~~ _ ~ 40.8 

a Includes V-SG (raction . 

°C 
400 
400 
500 
gOO 

1200 
1200 

% 
76.5 
82. 4 
99. fi 

100. 0 
98. 9 
98.9 

% 
76.7 
79.2 
8·2.4 
29.6 
22.4 
31. 7 

% 
23.3 
20.8 
17. 6 
70. a 
75.8 
53.7 

% 
T race 
' I' race 
'J' racc 

0. 1 
1. 8 

14.6 

T ABLE 10. P YTolysis of polyisobu tylene i n a VaCll1lm 

·Weight Temper· \~o l a til· 
Experimen t of sam ple atul'c iza tion 

F ractions based on total 
,·olutilized 

V-lao 
-----·1------------------

my 
L .. _.~ .. ~ .. ~~~~ 15.9 
2_ •. _ . ~.~.~.~~~. 14. 1 
3~_._._~~~~~~~~_ 17. 0 
L~ . ~.~~~~_~_.~. 15.8 
5 ~ ~.~.~~~ __ ~. . .. 13. 8 
6 ._.~.~~~.~_ .. _. 12. 9 
7 ~~.~~~~._~ .. ... 14. 1 
8~~.~~ __ _ .. . . ~ . . 14. 0 

• Includes V-so fraction. 
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°C 
400 
400 
500 
500 
800 
800 

1200 
1200 

% 
99. 3 
98. 6 
99. 4 
99.4 
99. 6 
99. 2 
98. 6 
97.5 

% 
53.3 
57. 5 
51.1 
52. 1 
3.6 
3. 1 

14. 7 
7. 6 

% 
46.7 
42.5 
47.8 
46.9 
91. 8 
94.5 
66. 8 
73. 3 

% 
o 
o 
1.1 
1.0 
1.6 
2. 4 

18.5 
19. 1 
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Analyses of the volatile fraction from pyrolysis of 
these two polymers are shown in tables 11 and 12. 
As compared with pyrolysis at temperatures below 
500 DC, [4, 8, 11] the yields of monomers, C3H 6 and 
C4H s, are much higher at the higher t emperatures. 
However , in the case of polyisobutylene at 1,200 DC 
the yield of C4H S is very low and the yields of frag
men ts of lower molecular weight, particularly of H 2, 

CH4, and C3H 4, are very high. 

T A B L E 11. Analysi s of volatile products f rom pyrolysis of 
poly pTOpylene in a vacuum 

At 400 ° C A t 500 ° c A t 800 ° C At 1,200 ° c 
C ompon ent · 

N o . 1 N o .2 N o. 3 N o. 4 1\To.5 No . 6 

% % % % % % Hz__ __ __________ __ ___ _____ _____ _____ _____ _____ 0. 1 0. 1 0. 4 
Clk___________ 0. 1 0. 1 . 4 2. 6 9. 6 
C , H z___________ . 1 . 1 . 3 6. 3 4. 3 
C zH ._____ ______ . 4 .3 0. 4 6. 0 13. 1 19.0 
C , H ,_______ ___ _ . 3 . 3 . 3 0. 7 1. 0 0. 9 
C aH .__________ _ . 6 . 4 .3 3.4 8.5 6. 5 
C ,II,___ _____ ___ . 6 . 6 .4 17.9 18. 4 12. 6 
C ,H ,___________ . 5 .5 .6 2. 3 1.9 0. 6 
C ,H .___ ________ __ ________ __ ________ ________ __ 0. 7 2. 3 2.4 
C ,H ,___________ ______ ___ _ __________ ______ ____ 3.0 5.1 4. 1 
C ,H ,___________ 2. 5 1.7 . 6 12. 4 8. 1 2. 9 
C .H ,,___________ 1. 8 1. 3 . 7 1. 3 0.5 
C , H ,_ __________ __________ __________ ______ ____ 0.5 .8 1. 0 
C, H ,__ ________ _ 0. 8 0. 6 . 6 3. 0 2. 1 0.8 
C ,T-I ,,_____ _____ _ 3. 3 3. 8 2.0 10.2 4. 1 . 3 
C , II,,_ ________ __ 3. 1 2. 2 3.0 1. 9 __________ ___ _____ _ _ 
C,Il, _ . _________ __________ __ ________ __________ _____ ___ __ 1. 6 2. 9 
C , H ,,__ _____ ____ 0. 7 0 . . 1 0. 7 1. 7 0. 7 
C , H ,,__ _______ __ 4. 0 3.7 3. 0 4. 6 . 4 
C , lI,, ____ _______ 0.2 1. 4 1. 9 __ _____ __ ___ ___________ ___ ___ _ 
C ,H ,,_____ ______ 2. 2 1. 8 1. 0 _____ __ ____ ___ __________ _____ _ 
C , H ls________ ___ 2. 1 1. 5 1. 4 ___ _____ ________________ _____ _ 
C IOH ,,__________ __ ________ ____ ______ 0.7 ___ _____ __ __________ __ _______ _ 
V p ,,___________ _ 76. 7 79. 2 82.4 29.6 22.4 31. 7 

TotaL. _____ __ 100. 0 100.0 100. 0 100. 0 100. 0 100. 0 

• Com pon en ts a re in w eight percent 01 total vol a tiles. 

T ABLE 12. Analysis of volatile products fl'om pyrolysis of 
polyisobu tylene in a vaC1lUm 

At 400 ° C At 500 ° C At 800 ° c At 1,200 ° c 
C omponen t. 

N o. 1 N o . 2 N o.3 N o. 4 N o. 5 No. 6 N o . 7 N o .8 

- ----1-----------------
% % % % % % % % Hz__ __ _________ ___ ___ ____ __ _____ _____ __ __ _____ ____ ___ _______ 2. 7 1.6 

C H ._ __ __ _______ ___ __ __ ___ ___ __ __ _______ _______ 1. 2 _______ 17. 6 10. 1 
CzIIz______________ _______ _____ __ __ _____ _______ 0.8 1.1 6.8 7.3 
C zH ._ _____________ _______ _______ 0. 9 0.6 2. 7 5. 0 9. 6 13.6 
C , H ,_ ________ _____ _______ ____ ___ _______ _______ _______ _______ 1. 6 1. 2 
C aH ,_____ _________ 0.5 _______ 1.1 1. 6 3.0 5. 4 14.9 16. 5 
C ,II,______________ _____ __ _______ _______ __ _____ _______ ___ ____ 0. 9 1. 0 
C,lI,_ ______ _______ _____ __ __ _____ 0. 7 1. 3 ____ __ _ _______ 4.8 4. 4 
C,H ,______________ _______ _______ _______ _______ 2. 1 1. 3 4. 5 4.2 
C.H ,______________ _______ _______ _______ _______ _______ 0. 7 4. 5 5. 9 
C ,H s ______________ 35.6 31. 5 38. 0 34. 9 72. 7 65.3 10. 6 15. 3 
C,H to_____________ 0.7 0. 7 _____ __ _______ ___________________________ _ 
C , H ,______________ _______ __ __ ___ _______ ____ ___ _______ 0.5 1.0 1.9 
C ,H ,______________ ___ ___ _ __ __ ___ 0. 7 __ _____ _____ __ ____ ___ 0 . 7 2.4 
C ,H ,,__ ____ ______ _ _______ ___ ___ _ ___ ____ __ _____ 5. 7 1. 7 _______ 1.1 
C , an d u p__ __ _____ 9.9 10. 3 7.4 9. 5 8. 2 15. 9 5. 1 5.9 
V p"____ _ __________ 53.3 57.5 51. 2 52. 1 3. 6 3. 1 14. 7 7.6 

T otaL.______ ____ 100.0 100.0 100. 0 100. 0 100. 0 100. 0 100.0 100. 0 

• C omponen ts are in weigh t p e rcen t 01 to tal vola tiles. 

4.5. Poly(methyl methacrylate) 

Poly(m ethyl methacrylate) decomposes primarily 
into monomer on heating in a vacuum at tempera
tures up to about 350 DC [10] . However , when the 
temperature is raised to 1,200 DC considerable amounts 
of other fr agments, both larger and smaller than the 

monomer , appear among the volatiles. T able 13 
shows the dis tribution of vola tile fractions for 500, 
800 , and 1,200 0 C pyrolysis. The appear ance of 
preponder ant amounts of 17_190 a t 1,200 DC is particu
larly notable and is mainly du e to the form ation of 
CO, CO2, Hz, CH 4, C 2H 2, and C2H 4, as indicated in 
table 14. It was found tha t fractions V 25 and V - 190 

from pyrolysis at 800 and 1,200 DC, if allowed to 
stand for more than a day, tended to repolym erize 
and thus give misleading resul ts. All the analyses of 
these two fractions were th erefore made on the same 
day that they were produced and collec ted. 

T A B L E 13 . P yrolysi s of poly (methyl methacrylate) in a vacuum 

Fractions b ased on tota l 
W eight Tem p er- Volatil- vola t ilized 

E xperi ment 01 sample at ure iza tion 

- ---- [--- - --------------
mq °C % % % % l. __ ____ _____ __ _ 

10. 3 500 100 3.6 96.4 0 2 ____ __ ___ ______ 
9. 9 500 100 2. 3 97_ 7 0 3 _____ __________ 
8.5 800 100 11. 2 88.7 0. 1 

4. ___ ___________ 11.3 SOO 100 8.8 91. 1 .1 5 ___ ____ ________ 9. 8 1200 100 5.0 29.4 65.6 6 ___ __________ __ 
9.8 1200 100 8. 2 26.2 65.6 

T ABLE 14. Analysi s of volatile pToducts from pyrolysis of 
poly (methyl methacrylate) in a vacuum 

At 500 ° C 
C om ponen t· 

A t 800 °c At 1,200 °c 

No. N o. 2 N o. 3 N o.4 N o .5 No. 6 

- --- --[- ------ --------- - -
% % % % % % H,____________ __ __ __ __ ____ ____ _____ _ __ ________ __________ 0.9 1. 1 

C H ._ ___ ___ _____ __________ __ ________ __________ _______ ___ 5. 9 6. 3 
C , H ,. __ __ ______ ________ __ __________ __________ ________ __ 2.6 3. 5 
czn .___ ________ __________ __________ 0. 7 0. 7 5.3 4.7 
C , H ,_ __ __ __ ____ _______ ___ __________ __________ __________ 1. 4 1. 1 
C aH , __ _____ ____ 0. 7 1. 0 . 3 1.4 6. 7 6. 6 
CaU , O___ _______ __ ________ __________ . 3 0.8 ___________ __ _____ _ _ 
CaH , __ ___________________________ __ . 1 . 7 8.2 5. 6 
CaH , O____ ______ __________ ___ ___ ___ _ . 3 __ ______ ___ __________ _______ _ _ 
C,II.___________ __________ __________ .4 1. 2 O. 5 
C , H ,___ __ ______ __________ __ ___ _____. 3 1. 4 3. 0 
C , H , ___________ __________ __________ 2.0 1.0 1.3 2. 0 
C , lIsO,____ ___ __ 93. 0 95. 4 80.5 83. 1 16. 5 9. 3 
C,H ,____ _____ __ ____ ______ ________ __ 0.3 __________ __________ _________ _ 
C,Il1o._______ __ _ __ ____ ____ __ ____ ____ 1. 0 1. 0 0. 7 2. 0 
C,H I ,___________ _ _________ __________ 0. 7 ____________ ________________ _ _ 
C,lI, ____ ___ ____ 0. 1 . 2 1. 8 1.9 
C O _____________ 2. 3 0.8 .6 1.8 31. 3 31.4 
C o ,____________ 0. 3 .5 1. 1 0. 7 9.8 12.8 
V py,_________ _ __ 3.6 2. 3 11. 2 S. 8 5.0 8.2 

TotaL. __ __ ___ 100. 0 100. 0 100. 0 100. 0 100. 0 100. 0 

• C omponent.s ~re in weight p er cent of to tal vola t iles. 

5. Discussion 

As indicated in this paper , the method of heating 
a polymer sample consisted in moving quickly a 
furnace preheated to the r equired temperature into 
position to surround the sample. It is safe to as
sume that in the earlier work below 500 DC and also 
in most cases in the present work at 500 °C most of 
the pyrolysis took place at or n ear the specified 
temperature since the reactions proceed at a moder
ate rate. However , at the temperatures of 800 and 
1,200 DC, where the r ates of degradation are ex
tremely high, it is quite certain that most of the 
volatilizable part of a given sample would degrade 
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and evaporate while its temperature was n SlO g 
from room temperature to 800 or 1,200 °c. An 
idea or the speeds of reactions at these temperatures 
can be gained from the fact tbat below 500 °C Lhe 
rates were round generilJly to double for every rise or 
10°. The only limitation on Lhis ra Le is the limited 
rate of heat transfer to the sample to furni h the 
heat required in the endothermic reactions. Under 
these circumstances the data obtained at the higher 
temperatures indicate only a general trend in the 
results of pyrolysis as a function of temperature, on 
the assumption that a higher initial temperature 
results in a higher pyrolysis temperature. 

Fraction V;>Yr from pyrolysis of the various poly
mers diseussed in this paper consisted of mole~ular 
fragments too large to be analyzed by the mass 
spectrometer at our disposal, and the amounts col
lected were too small to be analyzed even by micro
chemical methods. Instead, the fractions were 
checked for their average molecular weight by a 
microcryoseopic method. The results are shown in 
table 15. Results for polymethylene are shown for 
comparison. H ere again, as in the case or the lower 
molecular weight fractions, the higher the temper a
ture of pyrolysis the greater is the fragmentation or 
the products, except in the case of polystyrene. It 
can be safely assumed that the Vllyr fragments con
sist of parts of the main chain, partially degrad ed. 

TABLE 15. Avemge 1noleculal' weight of fraction V PY' JI'om 
p yrolysis oJ polymers at various tell1 peral1,res 

'T emperature of pyrolysis 
Polymer 

500 °C 800 °C 1.200 °C 
-------------1---------
Po]ystyrcnc _________________ ______________ ____ 264 372 4iG 
PolY (a -Incthylst yre nc) _________________________________ . __________ 309 
Polypropylcnc __ _____________ .______ _ 854 526 
Polyisobutylcnc __________ _____ 540 358 
Poly(mct hyl rncthacry lalc)_____________________ __________ __________ 245 
Poly mct.h ylcnc, in vaCUUln___ ___________ ___ _ 690 562 4n 

I Polymcthylcnc, in hcliuIIL _____________________ 324 2i7 250 

Another point to be considered in connection with 
this work is the mechanism of degradation. The 
results of measurements of relative amounts of the 

, gaseous fntctions and their chemical eomposition 
reflect two principal mechanisms: (a) a primary 
thermal degradation, and (b) a subsequent degrada
tion involving thermal and catalytic cracking reae
tions in the hot chamber, similar to those that titke 
plaee in petroleum cracking. 

R esults of pyrolysis at 500°C do not differ essen
tially from those obtain ed previously at lower te lll
peratures. However, resulLs of pyrolysis at 800 and 
1,200 °c show a conspicuous departure [rom those 
obtained below about 500 °C. This departure con
sists mainly in an increased fragmentation of the 

: degradation products and in the appearance of Vpyr 

fraction in some cases where such a fraction is ab
sent at lower temperatures. Pyrolysis in a neutral 
atmosphere such as h elium also results in gTeater 
fragmentation of the volatile products due to their 
slower escape from the hot zone. Thus, in the case 

of polystyrene, monomer is the main constituent in 
the 1725 fraction when pyrolysis in a vacuum takes 
place at temperatures up to 500 °C. At 800 and 
] ,200 °C tue yield or monomer is diminished, and 
C2H 2, C2H 4, and Cr,H6 appear in in cr easing amounts. 
Similarly, pyrolysis at 800 and 1,200 °c in helium 
at atlllosplwric pressure yields s1llall amounts of 
monom er, only 0.8 wL-% at 1,200 °c, and appreci
able amou nts of C2H 2 and C6HS' Formfttion of 
CSH6 can be assumed Lo LItke place as follows : 

][ ]I ][ 1I ][ Jr 
C C C C C C 

" I f/ ll" iT/ ll" II/J I" " 11/11 ,, ITr' " II/ II" 
C C / c C C C 

1 t- 1 

1 

0 060 ---; 0 +C, 11, 

or a phenyl group may split off as a fre e radical 
c;\'using a sc ission in tltO backboJl e or the chain 

II H 11 
C C C 
I I"=::: I 1/ 1 I" U/ 1l" 

C C 

--) () +0.", 

The rree mdicals could Lhen absorb H from the ur
rounding medium citusin g further scissions. Com
pounds C2H 2 lwd C2I-I 4 could form through scissions 
in the backbone of the polym er ch il,in, or they could 
rorm from the monomer. In either case, these r e
n,ctions resul t in a decrease of the yield of monomers. 

vVith polytetrHJluol'oethylene, the main product 
of pyrolysis at the lower temperatmes is C2F 4, with 
small amounLs or C3F6 and Clj 4. At the hi gher 
temperatures C2F 4 is sLill the dominant product, 
but in addition there also appears small amounts of 
HF. There is no fraction V;m formed at tempera
tures up to 500 °C and only a sm all amoun t aL 800, 
but at 1,200 °c the yield of this fraet ion is consider
able. It was postulated in our earlier work [9J 
that this polymer breaks up at free radical ends or 
chains by an unzipping process to yield mostly 
monomers. The overall reaction is of first ord er 
[9, 12, 13J. This can be explained on the ground 
that the unzipping process is preceded by a process 
of scission of C-C chain bond s into free r adicals. 
This reaction is slower and random and is therefore 
rate determining and of first order. The absence 
of any Vp y r at low temperatmes is probably due to 
the fact that at these temperatures unzipping, on ce 
started, proceeds until Lhe whole chain is consumed , 
so that large fragments (Fpyr) do no t appear among 
the volatile products. At the higher temp era Lures 
some of the shorter free radical chains evaporate 
before they have a chance to decompose into mono
mer, thus yielding volatile fractions of Fpyr size. 

With poly (a-methylstyrene) the distin ction be
tween low and high temperature pyrolysis is c1ear
cut. At lower temperatures the product consists 
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of 100 percent monomer. At 800 and 1,200 °C 
various smaller fragments, from H ", CH2, C~H2' and 
other small hydrocarbons up to C7HS make their 
appearance. In addition to these there are among 
the degradation products at the higher temperature 
a considerable amount of Vpyr size fragments, whereas 
at the lower temperature the yield of VIJYr is zero. 
The mechanism of degradation of this poly:mer is 
similar to that of polytetrafluoroethylene, and the 
reaction is of first order [14]. The appearance of 
larger molecules found in fraction Vpyr could be 
caused by the vaporization at higher temperatures 
of some of these molecules before they have time to 
break up into the monomer by the unzipping process. 
The formation of small molecules found in fraction 
V- 190 is most likely caused by cracking of the larger 
molecules in the hot zone of the apparatus. 

In the pyrolysis of polypropylene, the monomer, 
C3H 6, appears in small amounts below about 500°C. 
At 800 and 1,200 °C its yield is considerable. The 
reverse is true of Vpyr , clue to the cracking of the 
Vpyr fragments into smaller molecules in the hot 
zone. There is some H 2 and larger amounts of CH4, 

C2H2, C2H 4, C2H s, C3H 4 , C4Hs, and C5HlO at the 
higher temperatures than at the lower. In this 
respect the mechanism of degradation of poly
propylene is similar to that of polymethylene [6]. 

Pyrolysis of polyisobutylene generally follo 'ws the 
same pattern as that of polypropylene, except for 
the fact that at 800°C the yield of monomer is 
higher than at 500 or at 1,200 °C. On comparing 
the yield of Vp yr for the three temperatures, it 
appears that there is an inverse relationship between 
these products so that one may assume that at 500 
and 800 DC the increase of monomer yield is at the 
expense of Vpyr • 

Degradation of poly (methylmethacrylate) , like 
that of polytetrafluoroethylene and poly(a-methyl
styrene), yields at the higher temperatures less 
amounts of monomer than at the lower temperatures. 
Judging from table 14, the monomer decomposes at 
the higher temperatures, particularly at 1,200 °C, 
to yield considerable amounts of CO, CO2, CH4, 

C2H 2, CZH4 and similar compounds. 
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