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The thermal degradation of poly(vinyl acetate) was investigated under dynamic 
atmosphere of helium up to 400 ~ with a thermobalance. The volatile products were 
analyzed by a gas chromatograph. 

Acetic acid proved to be the main component of the volatile products (90 to 95 ~). 
Kinetic measurements of numerous samples obtained showed that the rates and orders 
of the degradation were different for all the samples and depended on their internal 
structures (the polydispersity). This is contrary to data published by A. Servotte 
et al. [1] and agreed with N. Grassie [2, 3]. 

This dependence of the degradation on the internal structures of the samples is 
latter verified by a probabilistic approach. 

In recent years, the degradation of a number of  poly (vinyl) compounds has 
been studied. On the thermal degradation of  poly (vinyl acetate), important  
works have been published by N. Grassie [2. 3] and A. Servotte et al. [1]. 

Existing techniques for studying the thermal degradation of  polymeric materials 
are either very time consuming or very qualitative especially when the degradation 
reaction is complex. 

A method that gives rapid, yet quantitative results for the parameters of  thetmal 
degradation of  polymeric material is by thermobalance which combines DTA, 
T G  and DTG.  Moreover, the heating atmosphere can be controlled and changed 
quite easily. 

There is no shortage of publications presenting DTA curves for a wide range of 
polymeric materials. This might possibly give the impression that the DTA curve, 
for a plastic is unique and characteristic i.e. is a "finger-print" which can serve 
for identification when compared with curves for known materials. 

In fact, this is not so, the DTA curve itself, is not necessarily reproducible since 
the thermal degradation of polymeric material depends - beside many factors - 
on the internal structure of the sample used. 

In this paper, poly (vinyl acetate) is degraded up to 400 ~ in a thermobalance, 
under the inert dynamic atmosphere of helium. The heating temperature is pro- 
grammed linearly at 10~ 

The results, obtained by the analytical scheme concurrently developed for deter- 
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mining the kinetic parameters of  thermal degradation, are compared, for different 
samples based on their differences in internal structure. The latter, are given by 
combining the gel permeation chromatography (GPC) to the analysis apparatus. 

Experimental 

Polymerization 

Vinyl acetate monomer provided was distilled to remove trace of inhibitor. 
It was then emulsified at 40 ~ using a semi-batch reactor with the redox reaction 
of tert butyl hydroperoxide and sodium bisulfite as source of initiators, pluronic, 
F-68 as emulsifier. 

The polymer samples, in form of  latex were withdrawned from the reactor as 
function of time of the reaction. After drying at room temperature and under 
vacuum, the percentage of conversion of samples were determined. Their number 
and weight average molecular weight were given by GPC (gel-permeation chro- 
matography) using T H F  as solvent. 

The degradation 

Samples were heated up to 400 ~ by a Mettler recording vacuum thermoanalyzer 
type 1, number 68, in the dynamic inert atmosphere of helium. The rate of heating 
was 10~ The sampte holder was the 8 mm diameter and 20 mm height type, 
made of  alumina. 

Gas chromatography 

The volatile products of degradation were passed through a chromatograph 
vapor fractometer model 154C single stage with thermal conductivity detection. 

Determination of  acetic acid evolved 

The volatile products of degradation were condensed in liquid nitrogen. The 
amount of acetic acid evolved was measured quantitatively by acid-base titration 
with phenolphthatein as indicator. The standard NaOH solution of 0.03 N was 
back-titrated with a standard solution of  acetic acid, the difference about 3 ~o was 
due to the absorption of  CO2 gas in the air and the systematic errors. 

Results and discussion 

Volatile products of degradation 

The polymer started to be degraded at about 250 ~ . From 250 to 350 ~ , acetic 
acid being the most abundant component. An acid-base titration of the degrada- 
tion products showed a loss in weight of 70~o (theoretical percentage of loss of  
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Fig. 2a. Effect of  temperature on production of  acetic acid 
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weight corresponding to complete deacetylation) indicating that 90 to 95 % of 
these products are acetic acid. The results confirm those obtained by Grassie [2, 3]. 
From 350 ~ to the end of the degradation (400 ~ ) the amount of acetic acid evolved 
decreases rapidly. A typical chromatogram of the volatile degradation products 
(beside acetic acid) in this range of  temperature is given in Fig. 1. The first peak 
of  the chromatogram is the air presents in the line, the second peak (very small 
one) is methane and the last one is COs. 
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Fig. 2b. Effect of molecular weight on production of acetic acid. Mwl6 > Mwl0 > Mw6 

Bamford and Dewar [4] have shown that acetic acid can be pyrolyzed in the 
temperature of  the order of 500 ~ to either ketene and water or methane and carbon 
dioxide. It is evident, however, from the series of the chromatograms reported 
that the amount of COs and methane are very small compared with that of acetic 
acid. 

Any decomposition of acetic acid taking place under that condition of temper- 
ature must therefore be negligibly small. 

Therefore, in the range from 250 ~ to 350 ~ , the primary reaction of the degrada- 
tion is the production of acetic acid. 

Figures 2a and 2b show the effect of average molecular weight of samples and 
temperature of degradation on the amount of  acetic acid evolved. It is quite evi- 

J. Thermal Anal. 8, 1975 



BATAILLE, VAN: THERMAL DEGRADATION OF POLY(VINYL ACETATE) 145 

30 

E 

o 20 

*d 

100 1 

5 . / o  f 

8 0 1 t ~  

\ 
\ .  

6 n r~,,...,-o 

l 16 

50 - f I I I I ] I k I b I I 
0 5 10 15 20 25 30 35 4.0 45 50 55 60 

Time ~ mip 

Fig. 3. Rate of  weight loss vs. time. Temperature 320 ~ 

dent that with the same sample, the quantity of acetic acid evolved is higher at 
higher temperature of degradation (Fig. 2a), and samples of lower average molec- 
ular weight degraded more easily than samples of high molecular weight (Fig. 2b). 

Analysis of the thermal curves 

Figure 4 shows the typical thermoglam of the degradation. At about 60 ~ the 
TG curve shows a gain in weight of the sample (point a) due to the adsorption 
of the helium carder gas on the polymer. From 100 ~ to 200 ~ the polymer is stable, 
the degradation only starts at about 250 ~ where the weight of the sample starts 
to decrease rapidly, corresponding to the decomposition reaction which gave 
mostly acetic acid gas. 
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Under the DTA curve, the first endothermic peak (point b) corresponds to the 
process of adsorption as observed with the TG. The second (point c) and third 
(point d) endothermic peak correspond respectively to the decomposition of the 
low molecular weight fraction and the high molecular weight fraction of the 
sample. The areas under these two peaks are directly proportional to the heat of 
fusion and indicate the relative fraction of low and high molecular weight. The 
ratio of the peak areas should be of the same order as the polydispersity of the 
sample. This can be seen in Table 1. The effect of low and high molecular weight 
fractions on the polydispersities is discussed elsewhere. 

Fig. 4. Thermal curves of No. 10. Heating rate: 10~ DTA sensitivity: 5 /zVfinch; 
TG sensitivity: 1 mg/inch; DTG sensitivity: 1 mg/inch/min. 

The DTG curve, which measures the rate of weight loss of the sample in mg/min, 
passes through the first maximum (point e) 2.1 mg/min and the second maximum 
(point f )  9.1 mg/min corresponding to the fusion peaks of low and high molecular 
weight fraction of the sample. 

Also presented in the thermal curve is the temperature one which increases 
linearly at 10~ 
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Table 1 
Molecular weight vs. DTA peaks 

147 

No of  Mn I~w Poly- Ratio of  Temperature Temperature 
sample dispersity peak areas at  1st D T A  at  2nd D T A  

peak peak 

1 
2 
5 
6 
8 
9 

10 
12 
16 
A 
B 
C 

56,529 
32,742 
30,677 
28,900 
37,198 
31,579 
16,717 
73,954 
49,259 

310,288 
243,109 
464,460 

191,509 
201,616 
192,189 
160,894 
218,478 
189,304 
231,888 
254,054 
281,049 
612,500 
638,152 

1,473,520 

3.40 
6.16 
6.26 
5.75 
5.87 
5.99 

13.90 
3.43 
5.70 
1.97 
2.62 
3.17 

3.77 
4.03 
5.12 

4.38 
8.53 

10.72 
2.35 
6.97 

261 
263 
267 
252 
262 
264 
252 
267 
250 

283 
330 

327 
327 
327 
331 
327 
321 
342 
328 
341 
325 
323 
470 

In Table 1, due to the lowest polydispersity of sample A, only one peak (point C in 
Fig. 5) at 325 ~ under DTA curve is observed. With sample C, there is a shift in the tempera- 
tures of the peaks, probably due to the highly cross linking resulting from the irradiation. 

A:  Poly(vinyl acetate) sample obtained by irradiation under 7 ray within 16 hours. 
B: Poly(vinyl acetate) sample obtained by irradiation under 7 ray within 240 hours. 
C: Poly(vinyl acetate) sample obtained by irradiation under 7 ray within 72 hours. 
* The radiation was of the order of 7 Roentgen/rain. 

b 

Fig. 5. Thermal curves of No. A. Heating rate: 10~ DTA sensitivity: 5 #V/inch; TG 
sensitivity: 1 rag/inch; DTG sensitivity: 1 mg/inch/min. 
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Kinetic 

A simplified scheme for depicting weight loss suffered by the polymers during 
thermal degradation was described elsewhere [6]. Table 2 is calculated from the 
thermal curves of polymer samples with trial value ofn (n is the order of the degra- 
dation) from 0 to 5.0 with step of 0.5. These trials were made by using Fortran IV, 

Temperature, K%10 "3 
0 t~' t.5 ;.6 1.7 1.8 1.9 2.0 

I "1 l ~ ' "  f D t t "  

Fig. 6. Linear plot of  rate vs, reciprocal of  temperature.  No, O 15; �9 2; ~ 5 ;  @ 8; A 12; 
�9 I0;  [] 9 

systems 360 computer until the best straight line obtained. The slopes of these 
lines (Fig. 6) determined by the method of least squares with 95 % confidence 
interval by using student t test, were served to calculate the activation energies of 
the degradation. 

From Table 2, it was observed that the orders of degradation varies from 1.5 
to 3 for samples having the weight average molecular weight from 189, 304 to 
281, 049, the activation energies for both initiation and propagation steps varied 
from 30 to 50 Kcal/mole with uncertainty from 3 to 10 Kcal/mole. 

One notable exception is sample no 10 where the order of degradation is 3.0 
and the activation energy is 47.8 Kcal/mole. This is relatively high for its weight 
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average molecular weight o f  23t,888. This anomaly is due to the high polydlspers" 
ity of  the order of  13.9 of  the sample. The polydispersity being the ratio of  M w 
over M n, the M w is particularly sensitive to the presence of high molecular weight 
chains and thus the activation energy for the degradation is comparatively high. 

Grassie [2, 3] recorded for the total energy of  activation 53.6 Kcal/mole with 
polymers having ~r  n going from 125,000 to 640,000. 

Table 2 

Effect of molecular weight art the order of degradation 

N u m -  
ber  Mn Mw Poly- Order of Activation energy 

degrada- Kcal/mole of dispersity tion 
sample 

9 
5 

12 
2 
8 

10 
15 
A 
B 
C 

31,579 
30,677 
73,954 
32,742 
37,198 
16,717 
49,259 

310,288 
243,109 
464,460 

189,304 
192,189 
254,054 
201,616 
218,478 
231,888 
281,049 
612,500 
638,152 

1,473,520 

5.99 
6.26 
3.43 
6.16 
5.87 

13.90 
5.70 
1.97 
2.62 
3.17 

1.5 
2.0 
2.0 
2.5 
2.5 
3.0 
3.0 
3.0 
2.5 
3.5 

29.84 
29.31 
40.73 
42.06 
47.31 
47.83 
50.81 
80.71 
74.25 
90.57 

The high values of  order of  degradation and activation energy for samples 
resulted f rom irradiation probably due to the highly cross-linking of the polymer 
and hence many chain branching. 

A p r o b a b i l i t y  approach  

A probabilistic method has been previously described [5] for the treating of  
the kinetics of  polymer degradation via elimination, based upon the example of  
poly (vinyl chloride) thermal degradation. 

The main features of  the model developed to characterize this process are the 
following: 

a) The degradation is a special kind of chain reaction (zip reaction), the ini- 
tiating step of  which is the random unimolecular splitting off of  HC1 (its rate 
constant being ~). 

b) The chain propagation is carried out in the series of  allyl-activated unimolec- 
ular step (the rate constant of  which is fl). The activation takes place only in the 
monomeric unit adjacent to the decomposed one in the direction determined by 
the head to tail linkage. 
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c) The chain termination takes place by a reaction step which interrupts the 
propagation of activation, i.e., a reaction step takes place the product of which 
has no activating effect on the neighboring monomeric unit (it is determined by 
a probablity factor 6, characteristic of the occurence of this kind of decompo- 
sition step). 

Assuming the polymer molecule is large enough for the effect of branching 
points and chain ends on monomeric units to be neglected. Then, there is no 
distinguishable monomeric unit in the polymer chain, and the polymer can be 
handled as a closed infinite chain. In this case, the probability of decomposition 
of an arbitrary monomeric unit at a time t, is equal to the value of conversion 
at the given time, irrespective of the position of the selected monomeric unit. 

According to the above assumptions and based on the probabilistic approach, 
Kelen et al. [4] developed the following formula for a k long sequence of polyene, 
consisting of k conjugate double bonds: 

C k = ( 6 ~ e  - 2 ~ t  (1 - 6 e - ~ t )  k - 1  ( 1 )  

1 - e - s t  

= (2) 
I - ( I  - 6)e -~t  

where: t: time of the reaction (min) 
Ck: concentration of the polyene 
(: the conversion of the eliminating process 
a: rate constant of initiation 
fl: rate constant of propagation 
o~ 
~rck = ~x 

k = l  
x: probability of polyene forming 

Limiting conditions: 

a) x = 1, 0 < 3 < 1 1 represents a single 1st order reaction 
b) f = l ,  0 < x < ~  / 
c) 6 = 0 auto catalysis or auto-inhibition 

If  fl >> ~(x ~_ oo) a monomeric unit under activation decomposes instantly. 
In (1), the time dependence of the conversion can be linearized so that: 

Ck = ~ "6(1 - 6)k-lt (3) 

Fig. 3 depicts the comparison of the experimentally determined polyene concen- 
trations (by quantitative determination of acetic acid evolved) and of the calcu- 
lated values vased on the probabilistic approach. For this figure 

= 1.38 x 10 -4 min -1 (4) 

From the above table, the probability of the termination step is highest for the 
high molecular weight sample which resulted in the higher rate of degradation 
of the low molecular weight sample. 
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Table 3 

Influence of the length of polyene sequence k on the termination step 

Sample Mn l~w 6 k 

6 
10 
16 

28,900 
16,717 
49,259 

160,894 
231,888 
281,049 

0.16 
0.40 
0.40 

2.05 
1.65 
1.71 

151 

The good agreement obtained in Fig. 7 verifies the correctness of  the assumptions 
made. 

t0 

10 ~ 6 

16 

5 

! 0 10 20 30 4,0 50 60 
7ime~min 

Fig. 7. Polyene concentration vs. time. Temperature: 320 ~ zx �9 Experimental data 
�9 Calculated 

From this approach, it is observed that there is a similarity between the mecha- 
nism of the degradation of  poly(vinyl chloride) and poly(vinyl acetate). In both 
cases, the initiation step is a polyene formation process prior to the evolution ol 
acids (acetic acid in case of poly(vinyl acetate) and HC1 in case of poly(vinyf 
chloride)). The propagation is a chain reaction which proceeds without the presence 
of free radicals. The chain termination will occur at either the end of  the polymer 
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chain or some non-uniformity in the chain which prevent the polyenes formation. 
These non uniformities would be randomly distributed so that if termination did 
take place, chains would be terminate from the beginning of the reaction and one 
would expect a stationary state to be set up reasonably quickly. In the experi- 
ment of N. Grassie [2, 3] even after 300 minutes of degradation, the stationary 
was not attained. On the contrary, we found the stationary state (Fig. 3) after 
heating at 10~ in 1 hour. The appearance of this state in our experiments 
is to be in accordance with the values of 5, the probability factor of chain ter- 
mination. 

Furthermore, the fact that the kinetic parameters as orders, rates and activation 
energies of the degradation reaction are functions of the internal structure of 
the samples proved the parallel between the probabilistic and kinetic approach. 

Conclusions 

The thermal degradation of poly (vinyl acetate) from 250 ~ to 350 ~ in the dynamic 
atmosphere of helium gave mostly acetic acid. Above 350 ~ , beside acetic acid, 
small quantity of methane and CO2 were found and were believed to be the prod- 
ucts of pyrolysis of acetic acid. 

Kinetically, the orders and activation energies of the degradation varied from 
1.5 to 3.0 and from 30 to 51 Kcal/mole respectively for sample o f ~ n  from 30,000 
to 50,000 with the polydispersity from 6 to 14. The kinetic parameters are functions 
of the internal structures of samples (poly dispersities). 

This is contrary to data of A. Servotte et al. [ 1 ] who found that the rates of 
degradation were identical for all the samples and independent of the molecular 
weight. Except that a stationary state which corresponds to the complete deace- 
tylation of the sample was found in our experiments after one hour of heating, 
our results are in accordance with those of N. Grassie [2, 3 ]. 

The probabilistic approach of Kelen et al. [5] although designed for the thermal 
degradation of poly (vinyl chloride) also is applicable for poly (vinyl acetate). 

We would like to thank the "Direction Grnrrale  de l 'Enseignement Suprrieur de la Pro- 
vince de Qurbec"  for the financial support of one of  us (B. T. V.). 

Bibliography 

1. A. SERVOTTE and V. DESREUX, J. Polym. Sci., 22 Part C (1968) 367. 
2. N. GRASS/E, Trans. Faraday Soc., 48 (1952) 379. 
3. N. GRASSIE, Trans. Faraday Soc., 49 (1953) 835. 
4. B, DEWAR, J. Chem. Sot., (1949) 2877. 
5. T. KELEN, G. B/~LINT, F. TOnrs and G. GALAMBOS, Kinetics and Mechanism of poly- 

reactions, preprints, of the Hungarian Academy of Sciences vol. 5, 1969. p. 193. 
6. P. BATAILLE and B. T. VAN, J. Polym. Sci. Part AI  10 (1972) 1097. 

J. Thermal Anal. 8, 1975 



BATAILLE, VAN: THERMAL DEGRADATION OF IsOLY(VINYL ACETATE) 153 

RI~SUM~ --  A l 'a ide d ' u n e  thermobalance ,  on a 6tudi6 la d6gradat ion de  l 'ac6tate de  polyvinyle  
en milieu dynamique  d 'He l ium et ce jusqu ' i t  400 ~ 

Les produi ts  volatils ob tenus  furent  analys6s b. l 'a ide d ' u n  ch roma tographe .  I1 s 'est  av6r6 
que le p rodui t  pr incipal  (soit 90 ~_ 95 ~ )  de la d6gradat ion est de  l 'acide ac6tique. 

Des mesures  cin6tiques on t  d6montr6  que le taux et l ' o rd re  de la d6gradat ion  sont  diff6rents 
pour  les 6chanti l lons 6tudi6s et d6pendent  de la polydispersit6.  

Ceci est en accord avec les r6sultats de  Grassie  [2, 3 ] mais  5. l 'etacontre des r6sultats ob tenus  
par  Servot te  et al. [1]. 

Cette  d6pendance  de la d6gradat ion sur  ]a polydispersi t6 est v6rifi6e par  l ' app roche  p roba -  
bilistique. 

ZUSAMMENFASSUNG - -  Mit Hilfe einer The rmowaage  wurde  die Zerse tzung von Polyvinyl-  
ace ta t  im dynamischen  Med ium yon Hel ium bis zu 400 ~ untersucht .  Die  e rha l tenen  fltichtigen 
P r oduk t e  wurden  in e inem C h r o m a t o g r a p h e n  analysiert ,  wobei  sich Essigs~ure als Haup t -  
p r oduk t  (90 bis 95 %) der  Zerse tzung erwies. 

Die  kinet ischen Messungen  zeigten, dab  der  Grad  und  die Ordnung  der  Zerse tzung f/ir die 
un te rsuch ten  Proben  verschieden sind und yon der  Polydispersit~it bedingt  werden.  

Dies s t immt  mit  den Ergebnissen von Grass ie  [2, 3J ~berein,  widerspr icht  aber  denen  von 
Servot te  et al. [1]. 

Diese Abh~tngigkeit der  Zerse tzung yon der  Polydispersi t / i t  wird durch  eine Wahrsche in-  
l ichkeits-Ann~iher ung bestiitigt. 

Pe3roMe - -  EbI~a nccsie~oBaHa TepMHqecKaa ~erpa~auna noJ~nBnHnJla~eTaTa npn TeMnepaType 
JIo 400 ~ B ~lnHaMnqecKo~ aTMOCdpepe reJ~na c YIOMOLI~blO TepMo6a~aHca. YleTyqne npojlyKTt,1 
6I, IJm npoanaJmar~poBaHbI ra3-xpoMaxorpaqbn,~ecrn, f lo ra3ano ,  ~xo rnaBno~ roMnonenxo~ 
(OT 90 ~O 95~/o) Y!eTy~x npo~yr roa  aaYi~ezcn y~cycna~ rnc~ora .  KnneTuaecKHe H3MepeH~ 
MnoroqncneHnhtx o6paattOB noKa3aJIrI, ~ITO CKOpOCTb H nopa,aoK ~erpa~launn pa3zmqHbl ~nn 
Bcex o6pa3uoB n 3aBncaT OT nX BnyTpenneg~ cxpyKTypbI (non~)xncnepcnocTn). E)xo npoxnBOnO- 
JIO~nO ~laHHU~M, oIJy6nnKOBaHHbIM A. CepBoxxe ~ coxp.,  HO cornacyexcn c ~annblM~I H. Fpacc~. 
~3Ta 3aB~CHMOCT~, aerpa~launn ox ~ y x p e m i e ~  cxpy~xypuI o6pa3uoa 6b ina  no~x~ep)K;~eua 
no3~e  c FIOMO1LlbtO BepoflTHOCTHOFO npi46~rt;~eHrt~. 
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