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The thermo-oxidative degradation of PET was investigated. Using turbidi- 
metric t i trat ion the distribution of molecular mass at different degradation 
steps was determined. Chemical and molecular transformations of the polymers 
during degradation were also analyzed. I t  is shown that  vinylic end groups are 
involved in radical reactions and determine the increase of the molecular mass. 
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Charaeterisierung von Polyestern : Thermo-oxidativer Abbau 

Es wird der thermo-oxidative Abbau von PET untersucht. Mit Hilfe der 
turbidimetrischen Titration wurde die Molekulargewichtsverteilung in unter- 
schiedlichen Stufen des Abbaus bestimmt. Die chemischen und molekularen 
Umwandlungen des Polymers w/~hrend der Abbauzeit  wurden ebenfalls unter- 
sucht. Es wurde festgestellt, daf~ Vinylester-Endgruppen an Radikal-Reaktio- 
nen beteiligt sind und eine Molekulargewichtserh6hung verursachen. 

Introduct ion 

The  t h e r m o - o x i d a t i v e  degradat ion~ TOD,  of po ly ( e thy l ene  ter-  
e p h t h a l a t e L  P E T ,  was r a t h e r  in t ens ive ly  i n v e s t i g a t e d  b o t h  f rom the  
p o i n t  of  view of t he  k ine t ics  and  the  n a t u r e  of low molecu la r  species 
which  a p p e a r  in th is  process  1 6. This  i n t e re s t  is p a r t l y  jus t i f i ed  b y  the  
fac t  t h a t  du r ing  syn thes i s  and  process ing of  P E T  f a v o u r a b l e  condi t ions  
for T O D  are  p rov ided .  I n  the  f i rs t  s teps  of the  d e s t r u c t i v e  process  some 
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ester l inks are broken  and  new species having  t e rmina l  - - C O O H  and  
~ C H  = CH 2 groups are subsequen t ly  formed 3, according to the follo- 
wing react ions : 

/ / 0  . . . .  H / 
C6H4---C\ i ~CH--0--C0--C~H 4 --+ 

0~H~ 
C6H4--COOH + HeC = CH--0--C0--C6H4 (1) 

The nex t  steps are marked  by  the  fo rmat ion  of bo th  cer ta in  low 
molecular  der ivat ives  which are non-homogeneous  in chemical  compo- 
sit ion, and  much  longer chain f r agments  which give rise to the 
subsequen t  fo rmat ion  of b ranched  and/or  crosslinked s t ructures .  I n  the 
present  paper  a correlat ion be tween chemical t r ans fo rma t ions  occur- 
r ing dur ing  the TOD process and  the m a g n i t u d e  and  d i s t r ibu t ion  of the 
molecular  weight  of P E T  is shown. 

Experimental 
Thermo-oxidative degradation. A known amount of wet P E T  granules 

(~erom R, Romania) was heated at 300 °C in a circular aluminum tray of 15 cm2 
cross area for varying periods of time (Table 1) in the apparatus shown in Fig. 1. 
The apparatus was provided with a flow-meter for circulating air (1 l/rain), an 
air preheater (250 °C) and a hot plate thermostated at 300 °C. 

Intrinsic viscosity. Both initial arid degraded samples were dissolved in 
phenol/1,1,2,2-tetrachloroethane (3/2, v/v) as solvent and filtered. The relative 
viscosities of the resulting solutions were measured at 25 °C, using an Ubbelohde 
viscometer provided internally with a fritted glass plate and dilution bulb. The 
intrinsic viscosity, [~], was determined graphically by extrapolation. The 
concentration of the initial solution was determined by weighing the dried 
polymer obtained after precipitation with acetone. 

Molecular mass. The number average molecular mass, 2V/n, was determined 
by titration of end groups according to Conix 6. Carboxyl groups were titrated 
potentiometrically 7. 

Fraetionation. The distribution of molecular mass of both initial and 
degraded P E T  samples was determined by turbidimetric titration s. The 
calibration of the apparatus (SPEKOL-DDR) was made with P E T  fractions 
separated by coacervate extraction 9,10. A detailed description Of this fractiona- 
tion was reported recently 11. The initial samples (i.e., wet industrial granules) 
and some fractions separated by coacervations were characterized by gel 
permeation chromatography in the system 1,1,2,2-tetrachloroethane/nitroben- 
zene (95/5, v/v) at 100 °C in order to attest the efficiency of the preparative 
fractionation method. The obtained data are listed in Table 2. All samples were 
dissolved in phenol/tetrachloroethane mixture (3/2, v/v) at room temperature 
before GPC analysis. These experimental conditions for GPC characterization 
were chosen in order to avoid on the one hand the high instability of the P E T -  
nitrobenzene system and, on the other hand, the relative high viscosity of the 
phenol/tetrachloroethane mixture if used as eluent. 
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Determination of diethylene glycol. Polymer degradation: 1 g PET, 2.5g 
benzyl alcohol and 50 ml KOH solution (15; in methanol) were introduced in a 
flat bottom flask provided with a condenser and magnetic stirrer. The reaction 
mixture was refluxed for 2h on a hotplate stirrer. Subsequently, it was 
neutralized with concentrated HC1 solution, filtered, and the liquid was 
concentrated on a water bath to 1/5 of the initial volume. Three standard 
samples of known diethylene glycol (DEG) concentration were treated similarly 
in order to get the calibration ratio, i.e. peak area: concentration, by gas 
chromatography. The concentrated samples were analyzed using a Hewlett- 
Packard 5750 GC fitted with a glass column (2,5 m × 0.005 m) filled with 5~o 
Carbowax 20M/95~o Chromosorb GAW-DMCS 30/60 mesh. 

Fig. 1. Thermo-oxidative degradation of PET. 1 flow-meter; 2 preheater; 
3 support; 4 aluminum tray; 5 polymer sample; 6 oven 

Results and Discussion 

By TOD of P E T  three categories of  compounds  are formed : (1) low 
molecular  species which leave the sys tem as gases due to the high 
react ion tempera ture ,  (2) macromolecular  species which can be solubili- 
zed and  ext rac ted ,  and (3) an insoluble mater ia l  of  polymeric  nature .  
The present  paper  deals with the  soluble pa r t  only. 

The Influence of TOD on the Magnitude and Distribution of Molecular 
Mass of P E T  

The da ta  presented in Fig. 2 show the  var ia t ion  of  [~] and weight  
loss dur ing TOD  of P E T .  I t  can be seen t h a t  mos t  of  the weight  loss 
occurs dur ing the first 90 min of  the process, after which t ime it levels at  
abou t  12.5~. Therefore  it is reasonable to  assume t h a t  b ranched  and/or  
crosslinked maeromolecular  species are formed f rom the  paren t  poly- 
ester towards  the  end of  the  process. Regard ing  the change of  [~], our  
d a t a  are similar to those repor ted  by  Yoda I (Fig. 2, do t ted  line). One 
can not ice t h a t  [~] of the the rma l ly  t rea ted  P E T  decreases only in the 
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Fig. 2. Variation of weight loss 1;;7) and intrinsic viscosity (O) with degradation 
time; data reported by Yoda 1 are plotted on the broken line (O) 
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Fig. 3. Differential distribution curves of molecular mass at different degrada- 
tion times obtained by turbidimetric titration 

first stages of degradation and that  towards the end of the process, i.e. 
after 75 rain, it starts to increase again. We confirmed this increase by 
determining the distribution of molecular mass of degraded samples 
and of the initial polymer (parent P E T  granules and samples 1, 3, 4, 
and 5 from Table 1). 

Indeed, the differential distribution curves obtained by turbidime- 
tric t i tration (Fig. 3) indicate tha t  during the first 75 min TOD causes a 
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decrease of the molecular mass of the initial sample. Consequently, the 
max imum of molecular mass distribution is shifted to the domain of low 
molecular weight species. For  example,  the sample t reated for 90 rain 
has ~/n higher than  tha t  of the polymer t reated for 75 rain (see Table 1 
and Fig. 3). 

Even  though only the soluble fraction has been taken into conside- 
rat ion in this study, we think tha t  the increase of molecular mass in the 
final stages of TOD is due to a radical process in which the vinyl groups 

• (formed in the early stages of degradation) play an impor tan t  role. The 
divinyl species of ra ther  low molecular weight, which can be formed in 
addition to monovinyl  compounds, may  a c t ~ v e n  in very low concen- 
t r a t i o n s - a s  crosslinking agents. This assumption is supported by  the 
identification of vinyl groups only in the I R  spectra of samples 1-4 from 
Table 1 (very weak bands at  ca. 3 150cm-1). 

The Influence of T O D  upon the Structure of P E T  M a i n  Chains 

Data  listed in Table 1 indicate tha t  the concentration of carboxyl 
end groups and the content of D E G  increased after the thermo- 
oxidative t reatment .  The variat ion of ~ 0 0 H  concentration is presen- 
ted in Fig. 4. The same Fig. shows the change of the D E G  content  with 
the t ime of thermal  t rea tment .  Several reactions can account for the 
formation of 2,2'-oxydiethylene structures 1~-16, of which the most  
probable are : 

I - -  intermolecular dehydrat ion of ethylene glycol 
I I  - -  addition to hydroxy  ester end groups of the transit ion radical 

CH~ C H 2 - - 0  
I I I - -  disproportionation of two hydroxy  ester end groups 
IV - -  thermal  decomposition of the main chains or of hydroxy  ester 

end groups 
V - -  thermal  scission of acetaldehyde from linear acetal structures. 

However,  under the present degradation conditions, the role of 
catalysts in the formation o f - - C 0 0 H  groups at  chain ends also has to 
be taken  into consideration. I t  has been established tha t  the  metal  from 
the catalytic system determines the polar i ty of the ester linkage and the 
ibrmat ion of an intermediary transit ion complex i¥om which, by  chain 
breaking, two new species terminated by ---COOH and - - C H = C H 2  
groups, respectively, are formed 13. I t  has been shown also tha t  the D E G  
content  in P E T  is dependent  upon the nature  and amount  of catalyst  
used 15. In  our experiments  the iYee ethylene glycol has a low pro- 
babil i ty of appearance and consequently the reaction I can not be 
representat ive for the increase of D E G  in the degraded samples. 
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Table 2. GPC analysis of original PET sample and of fractions separated by 
coacervate extraction 

Sample Mn Mw Mw/Mn 

Original 21200 47 000 2.24 
Fraction 2 11 300 16 700 1.22 
Fraction 4 14 800 22 000 1.55 
Fraction 6 23 800 32 100 1.34 
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Fig. 4. Variation of concentration of carboxyl groups and DEG content in 
polyester samples at different degradation times: COOH (O); DEG (A) 

Formation of DEG during TOD of P E T  is an intricate process based on 
a complex mechanism. From the examination of data given in Table 1 
one can only affirm that  in the early stages of thermal t reatment  DEG 
can have a high rate of formation through the consumption of hydroxy 
ester end groups according to reaction I I  and I I I .  In the last moments 
of degradation this process proceeds perhaps mianly through reactions 
IV and V. 
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